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ABSTRACT

Spaunhorst, Douglas J. Ph.D. Purdue University, December 2016. The Biology and
Management of Palmer amaranth in Indiana. Major Professor: William G. Johnson.

Palmer amaranth is a pernicious summer annual weed that has evolved resistance to six
herbicide sites of action in the U.S. and threatens agriculture production. In 2011, Palmer
amaranth was identified in flood plains in two southern Indiana counties (Posey and
Vanderburgh). Determining if Palmer amaranth can survive and reproduce in northern
Indiana may provide insight if this weed will be problematic for northern row crop
producers. The objectives of our research were to identify fields containing Palmer
amaranth and determine the distribution of herbicide resistance traits in Indiana;
determine the influence of tillage frequency and tillage intervals on Palmer amaranth
emergence throughout the growing season; evaluate biological responses of five Palmer
amaranth accessions collected from the Midwest and south US that were established in
Indiana; evaluate future herbicide programs (Enlist®, Extend®, and Balance Bean®) for
control of glyphosate-resistant Palmer amaranth; determine the effect of cover crops on
Palmer amaranth control in glyphosate- and glufosinate-resistant soybean; and evaluate
the effect of single and multiple herbicide combinations for control of multiple-resistant
Palmer amaranth. Results from these experiments suggest that Palmer amaranth has
infested numerous Indiana fields throughout the state and >80% of accessions containing

xvi

resistance to glyphosate. Reducing the frequency of tillage lowered seed recruitment to
the germination zone where Palmer amaranth readily emerges. Palmer amaranth seed
introduced to Indiana from other geographies that germinate will complete their life cycle
if emergence occurs by mid-July. Future herbicide-resistant traited technologies mixed
with one or more additional preemergence herbicides were more effective than applying
herbicides with a single active ingredient. Soybean yield is compromised by Palmer
amaranth competition without the use of residual preemergence and overlapping
preemergence residual plus postemergence herbicides. Cereal rye and annual ryegrass
cover crops were not detrimental or beneficial for control of Palmer amaranth in Indiana.
Palmer amaranth biotypes with resistance to multiple herbicide sites of action will require
alternative control methods to herbicides and threatens future use of herbicide chemistries
to which resistance has been selected for. Overall, a multifaceted approach is needed for
long-term management of Palmer amaranth in Indiana.

1

CHAPTER 1. LITERATURE REVIEW

1.1

Distribution of Palmer Amaranth

Palmer amaranth’s native origin is the Sonoran Desert, an area that stretches from
southern California to Arizona, extending south into Baja California and the Mexican
state of Sonora (Ehleringer 1983; Sauer 1957). Palmer amaranth has the ability to adapt
to a wide range of environmental conditions (Jha et al. 2008). In the region of the
Sonoran Desert, precipitation varies drastically from year to year and can range from as
much as 76 to as little as 13 cm of rainfall annually (Ives 1949). Currently, Palmer
amaranth can be found in non-native regions in the states of Arkansas, Kansas, Missouri,
Nebraska, Oklahoma, Texas, and even extending as far east as North Carolina and
Georgia (Culpepper et al. 2006; Horak 2000; Mayo et al. 1995; Menges 1987;
Norsworthy et al. 2009; Webster and Nichols 2012). Annual precipitation in these states
varies drastically from 41 to 178 cm (NOAA 2014).
Palmer amaranth disperses seed near the soil surface (Jha and Norsworthy 2009).
Seeds on the soil surface can easily be distributed by strong winds to non-infested
agricultural production fields (Menges 1987). Other sources of Palmer amaranth seed
dispersal have been reported to occur through irrigation water, birds, mammals,
agricultural machinery, and spread by manure or cotton gin trash (Costea et al. 2004;
Norsworthy et al. 2009).
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A survey evaluating changes in weed species composition in the southern region of
the US from 1974 to 1995, ranked Palmer amaranth 4th among the most problematic
weeds in soybean [Glycine max L. (Merr)] among two southern states (Webster and
Coble 1997). Additionally, the same study reported pigweeds becoming more
problematic in corn from 1974 to 1995, with an average change of +1.7 on the list of
most problematic weeds. A positive average change value would indicate a specific weed
was more problematic in 1995 than in 1974 when averaged across states in the survey. In
South Carolina, Palmer amaranth was the most problematic weed encountered in cotton
production after identifying dinitroaniline-resistant (group 3) biotypes in 1989 (Murdock
1995).

1.2

Biology of Palmer Amaranth

In 2013, Palmer amaranth germination in Indiana was observed to occur from May
until October. In California, Keeley et al. (1987) documented Palmer amaranth emerging
as early as March. Despite sporadic season-long emergence, large flushes in Indiana
emerge following a rainfall event (personal observation). The majority of Palmer
amaranth emergence in South Carolina has been documented to emerge over a 2-month
period, beginning in mid-May up until mid-July when the average soil temperature is ≥
25 C (Guo and Al-Khatib 2003; Jha and Norsworthy 2009).
In a study conducted by Guo and Al-Khatib (2003), germination of Palmer
amaranth required night and day temperature fluctuations of 30 and 35 C, respectively;
however, when temperatures exceed 35 C, seed germination was significantly reduced. A
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different study evaluating Palmer amaranth germination temperature observed 40%
germination at a temperature of 14 C, while 100% germination occurred at a temperature
of 26 C (Wright et al. 1999). Temperature not only influences Palmer amaranth
germination, but photosynthetic rate as well. The rate of photosynthesis steadily increases
once the leaf temperature exceeds 18 C and peaks once the leaf temperature reaches 42 C
(Ehleringer 1983; Ehleringer et al. 1979). A reduction in root zone temperature from 24
to 16 C greatly reduces Palmer amaranth height, leaf area, root, shoot, and total dry
weight (Wright et al. 1999).
Palmer amaranth is one of many plants in the Amaranthus genus that utilize the C4
dicot photosynthetic pathway (Wang et al. 1992). Palmer amaranth will adjust its leaf
osmotic pressure when water is scarce and yet maintain a photosynthetic rate that exceeds
40 µmol CO2 m-2 s-1 at a leaf water potential near -1.5 MPa (Ehleringer 1983; 1985).
Agronomic crops like corn (Zea mays L.) and sorghum (Sorghum bicolor L.) display
severe drought stress symptoms such as tightly rolled and folded leaves and reduce
photosynthate production when the leaf water potential is at or below -1.6 MPa (Beadle
et al. 1973; Sanchez-Diaz and Kramer 1971). Palmer amaranth exhibits a growth rate of
0.21 cm-1 growing degree day, which is greater than other plants in the genus Amaranthus
like common waterhemp (Amaranthus rudis Sauer), redroot pigweed (Amaranthus
retroflexus L.), and tumble pigweed (Amaranthus albus L.) (Horak and Loughin 2000).
When compared to other Amaranthus plants, Palmer amaranth grows taller than redroot
pigweed, smooth pigweed (Amaranthus hybridus L.), tumble pigweed, common
waterhemp, and spiny amaranth (Amaranthus spinosus L.) (Sellers et al. 2003). The
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ability of Palmer amaranth to thrive in low moisture conditions, rapidly increase
vegetative growth, and tolerate temperatures near 42 C, makes it especially problematic
during hot, dry growing seasons (Ehleringer 1985; Sanchez-Diaz and Kramer 1971).
Palmer amaranth’s dioecious reproduction trait is an attribute that promotes
survivability of its species (Sauer 1957). Plants segregating as either male or female are
common among desert species, such as Palmer amaranth (Simpson 1977). In most
instances, male plants are established in areas of high stress, while female plants are
found in spaces containing a greater amount of soil moisture (Ehleringer 1985). Besides
the amount of precipitation, carbon balance is another factor that contributes to Palmer
amaranth segregating as either male or female. Female plants demand more carbon
needed for seed production than what male plants need to produce pollen (Ehleringer
1985).
Male Palmer amaranth pollen has been detected 300 m away from its source of
origin (Sosnoskie et al. 2012). Pollen movement at this distance introduces the potential
for resistant Palmer amaranth plants to pollinate susceptible female Palmer amaranth,
resulting in resistant progeny (Chandi et al. 2013a; Gaines et al. 2010). The ability of
plants in the genus Amaranthus to successfully cross pollinate between species has also
been documented (Jain et al. 1982). Successful hybridization events have also occurred
with other Amaranthus species like common waterhemp and smooth pigweed (Tranel et
al. 2002). A study conducted by Wetzel et al. (1999) reported viable seed production and
successful herbicide-resistant gene transfer in 15 out of 10,000 plants from a cross
between herbicide-resistant common waterhemp and Palmer amaranth. A different study
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evaluating genetic similarities between Amaranthus species suggests Palmer amaranth
and spiny amaranth are similar in their genetic composition and have a greater probability
of producing hybrid offspring than Palmer amaranth and common waterhemp hybrids
(Wassom and Tranel 2005).
Seed production of plants in the Amaranthus species has been documented to be
prolific and variable. In a Missouri study, redroot pigweed, common waterhemp, and
smooth pigweed produced 40,870, 38,250, and 3,640 more seeds plant-1 than Palmer
amaranth, respectively (Sellers et al. 2003). A similar study conducted across two
locations in Kansas that evaluated plant density relative to seed production observed that
Palmer amaranth produced more seed than common waterhemp and redroot pigweed
when these weeds ranged in density from 0.25 to 4 plants m-1 of row. However, at one
location common waterhemp produced more seed when plant density exceeded 4 plants
m-1 of row (Bensch et al. 2003). Viable seed from both waterhemp and Palmer amaranth
occurs as early as 9 and 14 days after flowering, respectively (Bell and Tranel 2010;
Keeley et al. 1987). In California Palmer amaranth has been documented to produce more
than one generation in a single growing season (Keeley et al. 1987). A tetrazolium assay
conducted to determine seed viability of common waterhemp in the Bell and Tranel
(2010) experiment reported 83% viability or greater when seeds were harvested 13 days
after pollinating and 100% viability when harvested 30 days after pollinating.
Cropping systems reliant on the herbicide glyphosate (group 9) became
increasingly popular after the introduction of GR soybean (1996), cotton (1997), and corn
(1998). In 1990, glyphosate ranked 11th in pesticide use where it was applied on 13 to 20
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million acres (EPA 1993). Since 2001, glyphosate has been the most commonly used
herbicide in the U.S., accounting for over 180 million pounds of active ingredient applied
annually in 2007, of which 80% were used by the agricultural sector (EPA 2013). The
substantial use of glyphosate in agricultural production systems has led to an increase in
weed biotypes that are resistant to glyphosate, including Palmer amaranth (Culpepper et
al. 2006). The first confirmed case of Palmer amaranth resistant to glyphosate was
identified in Macon County, Georgia in 2005. Palmer amaranth at this location were
controlled 17 and 82% after a single glyphosate application of 2.5 and 10 kg ha-1,
respectively (Culpepper et al. 2006). To date, 18 states in the U.S. have GR Palmer
amaranth accessions. Georgia, Kansas, Mississippi, and Tennessee have at least a single
Palmer amaranth accession that exhibits multiple herbicide-resistance (Heap 2014). In
nearly every instance these accessions are resistant to herbicides in groups 2 and 9.
However, a Palmer amaranth accession from Kansas exhibits multiple herbicideresistance to groups 2, 5, and 27 (Heap 2014).
Palmer amaranth is among the most problematic weed in soybean, cotton, and corn
(Norsworthy 2003; Webster and Nichols 2012). Palmer amaranth competition of 18
plants 15 m-1 of row reduced sorghum grain yield by 40 to 60% and resulted in higher
grain moisture (Moore et al. 2004). In Oklahoma, a single Palmer amaranth plant 10 m-1
of row reduced cotton lint 11% (Rowland et al. 1999). A study conducted by Massinga et
al. (2001) reported 91% reduction in corn seed yield when Palmer amaranth and corn
emerged simultaneously. In soybean, 8 Palmer amaranth plants m-1 of row reduced
soybean yield 79% when emergence occurred with soybean (Bensch et al. 2003). Palmer
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amaranth is extremely competitive in agricultural production systems and can reduce
crop yield when managed improperly.

1.3

Utility of Herbicides for Control of Palmer Amaranth

Herbicides are classified by the physiological mechanism they inhibit in plants. In
this classification system 27 unique groups are identified. However, not all 27 groups in
plants are well understood. There are currently 25 unique herbicide sites of action that
have been confirmed in plants (Heap 2014). Herbicides labeled for POST broadleaf weed
control in soybean are limited to few herbicide sites of action. In conventional soybean,
herbicides including chlorimuron-ethyl, cloransulam-methyl, imazaquin, and imazethapyr
(group 2), 2,4-DB (group 4) bentazon (group 6), and acifluorfen, fomesafen, and lactofen
(group 14) represent 4 different herbicide groups that are labeled for POST weed control
in soybean. However, these herbicides must be applied to small, actively-growing weeds
in order to achieve maximum efficacy (Hartzler and Owen 2005). Control of Palmer
amaranth in soybean POST is difficult once weeds exceed 10 cm in height (Loux et al.
2014). In order to achieve greater than 90% control of 1 and 11 cm tall Palmer amaranth
with acifluorfen (group 14) required 90 and 315 g ha-1, respectively (King and Oliver
1992). Currently, 140 and 420 g ha-1 of aciflourfen is required for control of 5 and 10 cm
tall Palmer amaranth, respectively (anonymous 2014). In a similar study fomesafen
(group 14) and pyrithiobac (group 2) applied separately at 420 and 70 g ai ha-1 resulted in
96 and 20 to 94% control of 15 cm tall Palmer amaranth, respectively (Bond et al. 2006).
The current recommended labeled rate for control of 2 and 6 true leaf Palmer amaranth
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with fomesafen is 198 and 395 g ha-1, respectively; while the recommended labeled rate
of pyrithiobac is 59 g ha-1 for control of 5 cm tall Palmer amaranth (Anonymous 2014;
Anonymous 2016).
Herbicides applied prior to crop emergence are useful in controlling problematic
weeds like Palmer amaranth when adequate precipitation occurs to activate the herbicide
(Whitaker et al. 2011). Control of Palmer amaranth with group 15 herbicides in
conventional tilled corn ranged from 83 to 100% following a single application of 332 g
ha-1 of pyroxasulfone or 2,140 g ha-1 of s-metolachlor (Geier et al. 2006). In a Kansas
study evaluating PRE herbicide efficacy on Palmer amaranth; greater control occurred
with an application of acetochlor, alachlor, metolachlor (group 15), metribuzin (group 5),
sulfentrazone (group 14), and imazaquin or imazethapyr (group 2) when compared to
pendimethalin or trifluralin (group 3) (Sweat et al. 1998). A single POST herbicide
application for control of Palmer amaranth often results in less control than a PRE
application due to an extended emergence pattern throughout the growing season
(personal observation). A late postemergence-directed application of prometryn (group 5)
plus MSMA (group 17) following an application of glyphosate alone or glyphosate plus
s-metolachlor in cotton has shown to increase Palmer amaranth control (Clewis et al.
2006). Other studies have reported similar conclusions where residual herbicides
increased control of Palmer amaranth (Dotray et al. 1996).

9

1.4

Influence of Cover Crops on Palmer Amaranth Control

No-till crop production systems utilize cover crops as a tool for weed and soil
erosion management (Teasdale 1996). An increase in the amount of plant residue on the
soil surface not only reduces soil erosion by deflecting incoming rain droplets, but also
increases soil organic matter (Reicosky et al. 1995). On the other hand, increasing soil
surface residues has shown to reduce herbicide efficacy and the amount of herbicide that
reaches the soil surface (Banks and Robinson 1982; Buhler and Daniel 1988). In a 2006
survey, 18% of farmers (6% of the acreage surveyed) across 4 states in the U.S. corn belt
have used cover crops, with the majority planting an oat (Avena sativa L.), rye (Secale
cereale L.), or wheat (Triticum aestivum L.) cover crop (Singer et al. 2007).
Palmer amaranth will often outcompete crops such as soybean, corn, and cotton
when emergence of the crop and weed occur simultaneously (Chandi et al. 2013a; Horak
and Loughin 2000; Massinga et al. 2001; Sellers et al. 2003). Control of early emerging
weeds can be difficult when relying on POST herbicides alone. Implementation of a
cover crop rotation can provide early season weed suppression by creating a physical
barrier that impedes germination (Teasdale 1996). However, a weed like Palmer
amaranth has been observed to grow in highly shaded conditions (Jha et al. 2008). A fall
planted rye cover crop followed by a spring PRE herbicide application of 2.2 kg ha-1 of
metolachlor plus 0.43 kg ha-1 of metribuzin resulted in 86 to 99% control of common
lambsquarters (Chenopodium album L.), giant foxtail (Setaria faberi Herrm.), and
velvetleaf (Abutilon theophrasti Medik.); while control of smooth pigweed varied from
56 to 99% when in competition with soybean (Liebl et al. 1992). Without residual
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herbicides, a deep tillage application in combination with cover crops resulted in 73 to
98% reduction in Palmer amaranth emergence (DeVore et al. 2013). In addition to
providing early season weed control and season-long weed control, research conducted in
North Carolina achieved greater corn grain yield when implementing a fall planted rye
cover crop prior to planting no-till corn when compared to a no-till corn system without a
cover crop (Yenish et al. 1996). Other studies suggest there is little to no increase in crop
yield when a subterranean clover (Trifolium subterraneum L.) or hairy vetch (Vicia
villosa Roth) cover crop system is implemented (Enache and Ilnicki 1990; Hoffman et al.
1993).

1.5

Influence of Tillage Timing on Palmer Amaranth Emergence

Keeley et al. (1987) reported that season long Palmer amaranth control is difficult
in California due to an extended emergence pattern. They observed new plants emerging
from March through October. Indiana Palmer amaranth accessions have been observed
emerging in May and extending into October (personal observation).
As of 2009, 35.6 million hectares of crops were planted in no-till seedbeds
(Horowitz et al. 2010). Of the 8 major US crops, soybean acreage seeded in no-till
seedbeds ranked the highest (50%). This amount of acreage planted in conservation
tillage systems are favorable for small-seeded weeds like Palmer amaranth, which emerge
at shallow soil depths (Buhler et al. 1996; Ghorbani et al. 1999; Keeley et al. 1987).
Palmer amaranth soil seedbank persistence at depths from 0 to 5 cm has been
documented to be relatively short and has been shown to decrease by 80 to 99% after a
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single growing season (Norsworthy 2008). However, Palmer amaranth, which can
produce 200,000 to 600,000 seeds plant-1 will rapidly replenish the seedbank after a
single growing season if large quantities of seed are exhumed from the subsoil following
deep tillage and left unmanaged (Keeley et al. 1987; Sellers et al. 2003; Sosnoskie et al.
2013). Palmer amaranth buried at a depth of 40 cm were 13% more viable than seeds
buried at a depth of 1 cm over a period lasting 36 months (Sosnoskie et al. 2013). A deep
tillage application like moldboard plowing has shown to greatly reduce emergence of
Amaranthus species (DeVore et al. 2012; Leon and Owen 2006). A study evaluating
soybean production systems concluded soybean double cropped after wheat following
deep tillage reduced Palmer amaranth emergence by 95% when compared to no deep
tillage (DeVore 2013). However, following spring tillage at a depth of 10 cm, cumulative
Palmer amaranth emergence was similar to treatments that experienced no tillage prior to
crop planting (Jha and Norsworthy 2009).
A reduction in seed viability near the soil surface compared to buried seeds has
been observed in other plants such as wild oat (Avena fatua L.) (Miller and Nalewaja
1990). Palmer amaranth seeds near the soil surface are more prone to predation from the
months of June through September than from November through May (Sosnoskie et al.
2013). Seed predation by birds is a dispersal mechanism that introduces widespread seed
transport given the seeds ability to survive the environmental conditions of the predators
digestive track (DeVlaming and Proctor 1968; Proctor 1968).
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1.6

A Phylogenetic Map of Palmer Amaranth

Native to regions of North America, inhabiting both arid and moisture saturated
regions, nearly 60 species of grain and wild amaranths have thrived and were cultivated
for use as dyes and food by indigenous people (Sauer 1967). Grain amaranths are not
only found in the Western hemisphere, but are also found in many countries that
encompass southern Asia (Engle and Faustino 2007; Singh 1961, Stallknecht and SchulzSchaeffer 1993). Agronomic weeds like smooth pigweed and Powell amaranth
(Amaranthus powellii S. Wats) are believed to be direct relatives of Amaranthus
cruentus, a grain amaranth possessing essential compounds such as lysine, squalene, and
protein (Becker et al. 1981; Sauer 1967).
In subsistence agriculture, producers implement genetic diversity to combat
destructive insects and diseases (Harlan 1975). Evaluating the genetic diversity of plants
in the Amaranthus genus has been investigated through use of AFLP and RAPD markers
(Chan and Sun 1997; Chandi et al. 2013b; Ranade et al. 1997; Ray and Roy 2009).
Utilizing genomic technology for weed control has often been disregarded as a tool in
developing weed management strategies (Slotta 2008). However, tapping into plant
genomics can aid in managing difficult to control weeds by understanding their origin,
hybridization potential with related species, and traits that influence resistance
mechanisms (Slotta 2008).
Palmer amaranth contains 32 or 34 diploid chromosomes and displays a great array
of genetic diversity within an accession (Chandi et al. 2013b; Grant 1959; Rayburn et al.
2005). Genetic diversity of an accession is determined and defined by their genotype,

13

alleles, traits, polymorphic loci, and nucleotides (Hughes et al. 2008). A study evaluating
the genetic similarity of Palmer amaranth by quantifying the number of amplified and
polymorphic alleles across two states found that plants were 24 to 49% genetically
similar among accessions while 36 to 56% of plants within a single accession had similar
alleles (Chandi et al. 2013b). With the knowledge of genetic variability in a single Palmer
amaranth accession, those accessions exposed to continuous herbicide applications are
prone to expose naturally resistant biotypes, as was observed with thifensulfuron and
imazethapyr-resistance in Palmer amaranth in Kansas (Horak and Peterson 1995).
Furthermore, Wassom and Tranel (2005) reported hybridization between spiny amaranth,
a monoecious plant and Palmer amaranth, a dioecious plant is more likely to occur than a
hybridization event between Palmer amaranth and waterhemp. Additional studies
investigating genetic relationships among leafy and grain amaranth species concluded
Amaranthus gangeticus had the greatest genetic variability within species (52.1%) (Ray
and Roy 2009). In the same study, leafy amaranths Amaranthus gangeticus, Amaranthus
paniculatus, and Amaranthus viridis contained 14 to 34% more polymorphic alleles than
the grain amaranths Amaranthus hypocondriacus, Amaranthus caudatus, and Amaranthus
cruentus.
Molecular marker tools designed for genetic applications such as physical mapping,
gene tagging, and analyzing genetic diversity have been used extensively to better
understand plant genomics (Agarwal et al. 2008). Molecular marker techniques can vary
greatly among one another in terms of the quality of DNA needed for analysis, its ability
to be repeated in other laboratories, and abundance of specific restriction enzymes within
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the genome itself (Agarwal et al. 2008). Therefore, few techniques fit the perfect model
for conducting genomic analysis.

1.7

Literature Review Summary

Palmer amaranth’s weedy nature and tendency to evolve resistance to herbicides
have challenged current production systems in southern states. The geographic expansion
of Palmer amaranth from the southern U.S. to Indiana threatens crop production and
profitability of Indiana farms. Once established, Palmer amaranth can be difficult to
manage, particularly when late-season emerging plants are not controlled.
Measuring Palmer amaranth biological parameters may provide insight whether
Palmer amaranth adapted to other geographies will grow and reproduce in northern
Indiana. This data may help growers in developing management strategies that target the
period in time in which the weed is most vulnerable. Failure of glyphosate to control
Palmer amaranth prompted the development of next-generation herbicide programs.
Next-generation herbicide programs offer unique herbicide sites of action aimed to
control glyphosate-resistant (GR) Palmer amaranth in-crop and or prior to planting. Use
of cover crops to control GR Palmer amaranth has been promoted by the Natural
Resources Conservation Service (NRCS) and may be beneficial in suppressing Palmer
amaranth. Currently available herbicides such as chlorimuron, fomesafen, and glyphosate
will likely be used to control Palmer amaranth in soybean, despite evidence of failure to
control Palmer amaranth.
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CHAPTER 2. DISTRIBUTION OF HERBICIDE-RESISTANT PALMER
AMARANTH (AMARANTHUS PALMERI) IN INDIANA: USING WHOLEPLANT GREENHOUSE AND MOLECULAR ASSAYS

2.1

Abstract

A survey of 41 agronomic fields containing Palmer amaranth was conducted in
2014 and 2015 in Indiana to determine the distribution of herbicide resistance. At 21
DAT all Palmer amaranth accessions had 60 and 90% of plants or more survive the 3X
rate of chlorimuron and cloransulam, respectively. However, the Trp574Leu mutation,
which is the most commonly reported acetolactate synthase (ALS) mutation in plants that
confers ALS resistance was not detected in any plants in four accessions; despite all
plants in these accessions surviving ALS herbicide treatment in a previous experiment.
Resistance mechanism(s) or mutations other than the Trp574Leu mutation that confers
ALS resistance are present in these four Palmer amaranth accessions. At 21 DAT, up to
88% of Palmer amaranth accessions that were treated to 7.6 kg ae ha-1 of glyphosate had
10% or more plant survival. Molecular assays that test for increased 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) gene copies confirm that 85% of Indiana
Palmer amaranth accessions had an average of two or more EPSPS gene copies.
Seventeen and 12% of Palmer amaranth accessions had one or more plants survive the
3X rate of glufosinate and atrazine, respectively. All accessions that survived atrazine
treatment were found near dairy facilities. Palmer amaranth survival after 21 DAT of
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1.05 kg ae ha-1 of fomesafen occurred in 32% of the accessions. However, in the second
study, 15% of the Palmer amaranth accessions were confirmed to have the ∆G210
mutation that confers PPO-resistance. Therefore, it is likely that the ∆G210 mutation is
not the only mechanism that confers PPO-resistance in Palmer amaranth. Less than 2% of
Palmer amaranth treated to 0.56 kg ae ha-1 of dicamba survived; however, 27% of Palmer
amaranth treated to 0.56 kg ae ha-1 of 2,4-D survived to 21 DAT. Overall, results from
these experiments suggest that Indiana fields infested with Palmer amaranth exhibit
resistance to two herbicide sites of action that are commonly applied to Indiana corn and
soybean fields. Researchers suggest growers implement multiple effective herbicide sites
of action to control Palmer amaranth; however, many of these accessions exhibit multiple
herbicide resistance traits when treated postemergence. A multifaceted weed management
approach will be essential to manage existing Palmer amaranth accessions in Indiana
cropping systems.
Nomenclature: 2,4-D; atrazine; chlorimuron; cloransulam; corn, Zea mays L.; dicamba;
fomesafen; glufosinate; glyphosate; Palmer amaranth, Amaranthus palmeri S. Wats.;
soybean, [Glycine max (L.) Merr].
Keywords: 5-enolpyruvyl-shikimate-3-phosphate synthase (EPSPS), ALS-inhibiting
herbicides, multiple herbicide resistance, PPO-inhibiting herbicides.
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2.2

Introduction

Palmer amaranth is a small seeded annual broadleaf plant native to the Sonoran
desert (Sauer 1957). Over the last decade, Palmer amaranth has been listed as a
problematic weed in cotton (Gossypium hirsutum L.) and soybean [Glycine max (L.)
Merr.] production systems in Georgia and South Carolina (Norsworthy 2003; Webster
and MacDonald 2001). In South Carolina, large Palmer amaranth flushes of 40 plants m-2
begin to emerge in May and cease by mid-July (Jha and Norsworthy 2009). However, in
California emergence has been reported to occur over a broader time period that begins in
March and ends in late October (Keeley et al. 1987). Palmer amaranth exhibits dioecious
reproduction, disperses viable pollen up to 300 m, and exhibits a high degree of genetic
diversity within an accession (Chandi et al. 2013; Sosnoskie et al. 2012). Palmer
amaranth also produces bounteous amounts of seed and biomass. In Missouri, a single
female plant can produce up to 250,700 seed plant-1 and accumulate 800 g plant-1 of
biomass at 14 wk after emergence (Sellers et al. 2003).
More than a century ago, Palmer amaranth seed was unintendedly transported
throughout south and eastern coastal states, likely through agricultural expansion. In
Arkansas, Missouri, Tennessee, and Texas movement of Palmer amaranth seed has been
reported to occur through contaminated agricultural equipment, migratory birds,
irrigation equipment, and severe weather events (Costea et al. 2004; Farmer et al. 2015;
Menges 1987; Norsworthy et al. 2009; Norsworthy et al. 2014). To minimize
transmission of weed seed to non-infested fields, researchers suggest removing soil and
debris from tillage and harvest equipment (Davis et al. 2015).
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The greatest percentage of Palmer amaranth emergence occurs when seeds are
buried no more than 1.3 cm. Fewer than 8% of Palmer amaranth seeds germinate below 5
cm of soil (Keeley et al. 1987). Consequently, reduced tillage systems favor Palmer
amaranth emergence (Price et al. 2011).
Palmer amaranth resistant to microtubule-inhibiting herbicides was first confirmed
in 1989 in South Carolina (Gossett et al. 1992). Four years later atrazine-resistant Palmer
amaranth was reported in Texas (Heap 2016). To date, Palmer amaranth has been
reported to be resistant to six sites of action including site of action groups 2, 3, 5, 9, 14,
and 27 (Burgos et al. 2001; Culpepper et al. 2006; Gossett et al. 1992; Horak and
Peterson 1995; Jhala et al. 2014; Peterson 1999; Salas et al. 2016; Sprague et al. 1997).
Moreover, ten states contain Palmer amaranth accessions that are resistant to two or more
herbicide sites of action (Heap 2016). Palmer amaranth resistant to 4hydroxyphenylpyruvate dioxygenase (HPPD), the most recently developed herbicide site
of action, was reported in Kansas in 2012 by Thompson et al. (2012) and in Nebraska in
2014 by Jhala et al. (2014). Herbicides that inhibit HPPD were commercially released in
1982. Since then, no new herbicide sites of action that inhibit essential plant processes
have been developed for commercial use.
The mechanism conferring GR in a Georgia Palmer amaranth accession was
elucidated by Gaines et al. (2010). Gaines et al. (2010) reported GR Palmer amaranth had
up to 160 more 5-enolpyruvyl-shikimate-3-phosphate synthase (EPSPS) gene copies than
the glyphosate-susceptible (GS) accession. Palmer amaranth resistant to fomesafen, a
herbicide that inhibits protoporphyrinogen oxidase (PPO), was identified in Arkansas
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from seed collection performed in 2011 (Salas et al. 2016). In the Arkansas PPO-resistant
Palmer amaranth accession, a codon deletion at the 210th amino acid position (∆G210) in
PPX2L induces PPO-resistance. Wuerffel et al. (2015) reported 37% of waterhemp
accessions in Illinois were resistant to PPO-inhibiting herbicides and all PPO-resistant
accessions possessed the ∆G210 mutation. No other family of herbicide chemistries have
selected for more herbicide-resistant plant species than ALS-inhibiting herbicides (Heap
2016). The most widely documented mutation that confers ALS resistance is the
Trp574Leu mutation. The Trp574Leu mutation has been reported in 32 plant species
worldwide, including Palmer amaranth (Heap 2016). In fact, Ser653Asn, Ser653Thr, and
Trp574Leu mutations are other mutations in the ALS enzyme that confer ALS resistance
in waterhemp (Patzoldt and Tranel 2007). Some Palmer amaranth accessions are cross
resistant to multiple acetolactate synthase (ALS) chemistries (Gaeddert et al. 1997; Heap
2016; Sprague et al. 1997). Recently, a Palmer amaranth by spiny amaranth (Amaranthus
spinosus L.) hybrid has been confirmed to inherit the Trp574Leu mutation from Palmer
amaranth and exhibits resistance to three chemical families (Molin et al. 2016).
Establishing a baseline on the distribution of herbicide-resistant Palmer amaranth
will help inform growers on what herbicide sites of action remain effective on Palmer
amaranth in Indiana. The objective of this study was to survey the distribution of
herbicide-resistant Palmer amaranth to seven sites of action using a whole-plant
greenhouse assay. In addition, quantitative polymerase chain reaction (qPCR) were used
to confirm herbicide resistance to PPO-inhibiting herbicides induced by a codon deletion
at amino acid 210 in the PPX2L gene, Trp574Leu amino acid substitution conferring ALS
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resistance, and EPSPS gene amplification conferring GR in all Palmer amaranth
accessions.

2.3

Materials and Methods

2.3.1 Whole-Plant Herbicide Resistance Screen
2.3.1.1 Seed Collection and Seed Germination
At each location, Palmer amaranth seed samples were collected from 20 individual
plants and pooled across female plants. A total of 41 agronomic fields across 19 Indiana
counties were sampled from in fall 2013 and 2014. In 2013, fields north of Indianapolis,
IN were sampled whereas fields south of Indianapolis, IN were sampled in 2014.
Approximately half of the locations sampled were due to weed control failure to
glyphosate where we were notified by industry or extension personnel. In some instances,
random fields identified to contain Palmer amaranth were sampled. Methods for Palmer
amaranth seed collection were followed as described by Burgos (2015). Seeds from each
location were stored at 4 C for 3 mo after threshing. Seed germination for each location
was tested by planting 50 seeds in individual 10 cm pots filled with potting medium,
(Redi-Mix, Sun-Gro Horticulture, Bellevue, WA) buried at 1 cm in depth. Emerging
Palmer amaranth were counted daily for a period of 10 days. Accessions with less than
10% germination were treated with a 50:50 water and commercial bleach solution for 10
min, rinsed with water, and stored at 4 C until needed.
Palmer amaranth collected in fall 2013 were screened for herbicide resistance in
early-spring 2014. Similarly, Palmer amaranth collected in fall 2014 were screened for
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herbicide resistance in early-spring 2015. Palmer amaranth seeds were planted in a 28 by
55 by 2 cm 200 square plastic-plug tray, buried at 1 cm with moist potting medium, and
covered with clear plastic lids for 40-h in the greenhouse. Seedlings at the two true-leaf
stage were transplanted into 164-cm3 cone tainers (Ray Leach SC-10 Super Cell Conetainers, Stuewe & Sons, Tanget, OR) containing a 7:2:1 mixture of soil to sand to potting
medium. Transplants were watered daily and fertilized bi-weekly (Miracle-Gro® Water
Soluble All Purpose Plant Food [24-8-16], Scotts Miracle-Gro Products Inc., Marysville,
OH). Greenhouse temperatures were maintained from 23 to 30 C (± 3 C) and plants were
grown under a 14-h photoperiod.

2.3.1.2 Treatments and Data Collection
The herbicides, rates, and adjuvants used in the experiment are listed in Table 1.
The 1X herbicide rate is within the recommended postemergence labeled rate for control
of Amaranthus spp. Chlorimuron and cloransulam are ALS-inhibiting herbicides, which
are not labeled to control Palmer amaranth. These two ALS-inhibiting herbicides were
chosen because they are commonly used in Indiana soybean production. The 1X rate of
glyphosate applied in this experiment exceeds the maximum single application rate and
was chosen due to failure of glyphosate to control Palmer amaranth in many fields where
Palmer amaranth were collected. Each accession included a nontreated control. Herbicide
treatments were applied to Palmer amaranth with 6 to 8 true-leaves that measured 5 to 8
cm in height using a compressed-air single track spray chamber equipped with an 8002E
nozzle calibrated to deliver 140 L ha-1 at 207 kPa at a speed of 3.5 km h-1. Plants were
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evaluated at 21 days following herbicide treatment for visually assessed percent control
on a 0 to 100% scale (where 0 = no injury and 100 = complete plant death) and
survivorship (dead or alive). Plants with red colored stems and or green plant tissue were
considered to be alive. Stems and plant tissue that were completely necrotic were
considered dead.

2.3.1.3 Experimental Design and Data Analysis
The experiment was conducted as a randomized complete block design with 10
replications. Factors were accession, herbicide, and rate. A total of 41 accessions, 9
herbicides, and 2 rates were evaluated. Dicamba and 2,4-D were the only herbicides not
applied at the 3X rate. The experiment was conducted once. Data analysis was conducted
using SigmaPlot (SigmaPlot 12.5, Systat Software Inc., San Jose, CA). Normality and
constant variance tests were conducted on visually assessed control data. Palmer
amaranth control at 21 DAT was regressed against the number of EPSPS genomic copies.

2.3.2

Confirmation of Herbicide Resistance with Molecular Assays
2.3.2.1 Plant Material

Plants from the same accessions evaluated in the whole-plant resistance screen
were grown to examine Palmer amaranth resistance to glyphosate, PPO-, and ALSinhibiting herbicides using quantitative (qPCR) assays. Newly emerged leaf tissue was
harvested from 10 plants of 41 Palmer amaranth accessions previously characterized
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from whole-plant assays to be GR or GS. After harvesting a single leaf from each plant,
DNA was extracted using the cetyl trimethylammonium bromide (CTAB) method
described by Doyle and Doyle (1990). qPCR reactions to test for the ∆G210 and
Trp574Leu mutation were performed in 10 µL volumes. Reactions included 4.2 µL ddH20,
2 µL buffer (GoTaq Flexi Buffer, Promega Corp., Madison, WI, USA), 1.2 µL MgCl2,
0.5 µL dNTPs, 0.5 µL of probe, 1.5 µL of genomic DNA, and 0.1 µL of GoTaq
polymerase. Conditions for qPCR reactions started at 95 C for 190 sec and 60 C for 60
sec for 39 cycles. Palmer amaranth were treated with 2.5 kg ae ha-1 of glyphosate when
plants measured 5 to 10 cm in height. Plants were evaluated at 21 days following
herbicide treatment for visually assessed percent control and survivorship as previously
described in the whole-plant greenhouse assay.

2.3.2.2 EPSPS Gene Amplification
The ratio of EPSPS genes to the reference ALS gene was used to determine EPSPS
copy number using qPCR. The primers used to determine EPSPS gene copy number can
be found in Gaines et al. (2010).

2.3.2.3 ALS Tryptophan 574 Leucine Mutation
A TaqMan® probe was designed from the waterhemp ALS sequence and used for
Palmer amaranth. Waterhemp and Palmer amaranth share a similar DNA sequence that
codes for the ALS enzyme (Franssen et al. 2001).
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2.3.2.4 PPO ∆G210 Mutation
To determine whether the ∆G210 mutation that confers PPO-resistance in
waterhemp also confers PPO-resistance in Palmer amaranth, cDNA of plants from
accession 39 that survived the 3X rate of fomesafen was sequenced. To obtain the partial
genomic sequence of the suspected PPO-resistant Palmer amaranth plants, probes were
designed from the genomic DNA sequence of Amaranthus hypochondriacus and the
cDNA sequence of the PPX2L gene in waterhemp (Riggins and Tranel 2012; Watanabe
et al. 2001).

2.4

Results and Discussion

All plants treated with 0.04 kg ai ha-1 of chlorimuron or 0.05 kg ai ha-1 of
cloransulam survived in 23 accessions. However, the Trp574Leu mutation, which is the
most commonly reported ALS mutation in plants was not detected in any plants in
accessions 18, 20, 25, and 27; despite all plants surviving ALS herbicide treatment
(Tables 2.2 and 2.3). These data suggest that different resistance mechanism(s) or
mutations that confer ALS resistance are present in these four Palmer amaranth
accessions. Moreover, 15 Indiana counties surveyed for ALS resistance were reported to
have 2 or more plants test positive for the Trp574Leu mutation and 5 accessions that had 8
or more plants with the Trp574Leu mutation were located in northern Indiana (Figure 2.1).
Four accessions had no plants survive a treatment of glyphosate applied at 2.5 or
7.6 kg ae ha-1 (Table 2.2). Schultz et al. (2015) reported that 2.53 kg ae ha-1 of glyphosate
failed to control 29% of Missouri waterhemp accessions. In our study, the same rate of
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glyphosate failed to control 78% of Indiana Palmer amaranth accessions. Control was
deemed to be a “failure” when plant survival exceeded 50% at 21 DAT of 2.53 kg ae ha-1
of glyphosate.
It has been previously shown by Gaines et al. (2011) that Palmer amaranth
surviving treatment to 1.0 kg ae ha-1 of glyphosate had 30 to 50 EPSPS copies. In the
second experiment, a molecular assay technique testing for elevated EPSPS gene copy
found that 35 Indiana Palmer amaranth accessions had more than one EPSPS gene copies
when averaged across 7 to 15 plants per accession (Table 2.3 and Figure 2.2). Unequal
sample size for EPSPS gene copy testing was due to DNA degradation. Varying levels of
EPSPS gene copy number were found in seven accessions and ranged from 1 to 134
(data not shown). It is likely that selection for GR plants in these seven accessions has
occurred recently, while accessions with all plants with more than one EPSPS gene copy,
have likely been exposed to glyphosate for a longer period of time or multiple times in a
season. In a fitness study by Giacomini et al. (2014), GR Palmer amaranth plants
compared to GS plants produced similar biomass, pollen viability, transpiration,
photosynthetic rates, plant volume, and plant height. Therefore, when an accession
transitions from plants having low to high EPSPS gene copy, it is unlikely that the
accession will revert back to plants that have one EPSPS gene copy. Results from linear
regression analysis suggests that Palmer amaranth control decreases as EPSPS gene
copies increase (Figure 2.2). In fact, Palmer amaranth control was reduced by 0.28% for
every single unit increase in EPSPS copy.
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An equal proportion of Palmer amaranth accessions with 15 or less mean EPSPS
gene copies were found in northern and southern Indiana in this survey (Figure 2.3).
However, there were four more Palmer amaranth accessions with 91 to 105 mean EPSPS
gene copies collected in northern Indiana than southern. In fact, all accessions with 105
or more mean EPSPS gene copies were collected from northern Indiana. It is unclear why
accessions in northern Indiana had more accessions with 91 mean EPSPS gene copies.
These data may suggest that Palmer amaranth was introduced to northern Indiana earlier
than fields in southern Indiana due to more accessions with 91 or more mean EPSPS gene
copies. It is also possible that the frequency of glyphosate applied in northern Indiana has
been greater than that in southern Indiana, thus contributing to plants with higher mean
EPSPS gene copies.
Palmer amaranth survival in the greenhouse at 21 DAT of 1.05 kg ai ha-1 of
fomesafen occurred in 13 accessions (Table 2.2). In the second experiment that
confirmed herbicide resistance with molecular assays, six Palmer amaranth accessions
were confirmed to have the ∆G210 mutation (Table 2.3). The ∆G210 mutation has been
reported to confer PPO-resistance in waterhemp and Palmer amaranth (Lee et al. 2008;
Salas et al. 2016). Plant tissue was not harvested from plants in the first study. Therefore,
we cannot confirm that PPO-surviving plants in the first study had the ∆G210 mutation.
In a study by Salas et al. (2016), 9% of Palmer amaranth plants in a PPO-resistant
accession that survived 0.263 kg ha of fomesafen tested negative for the ∆G210 mutation.
This suggests that an alternative mechanism maybe responsible for PPO-resistance in the
Arkansas Palmer amaranth accession. In our study, Palmer amaranth survival as high as
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60% was reported in accession 39 at 21 DAT (Table 2.2). DNA analysis confirmed that
60% of plants in accession 39 contain the ∆G210 mutation (Table 2.3). Out of the six
plants that tested positive for the ∆G210 mutation in accession 39, five were
heterozygous and one plant was homozygous for the resistant allele (data not shown). In
northern Indiana, four Palmer amaranth accessions had plants that contained the ∆G210
mutation (Figure 2.4). Accessions 25 and 26 both had one or more plants that tested
positive for the ∆G210 mutation and are approximately three km apart. Movement of
Palmer amaranth seed has been reported to occur through contaminated equipment and
severe weather (Menges 1987; Norsworthy et al. 2009; Norsworthy et al. 2014). It is
possible that PPO-resistant Palmer amaranth seed from one of these locations was
introduced to the other as previously described. Successful pollination rarely occurs
beyond distances of 300 m (Sosnoskie et al. 2012). Therefore, it would be unlikely that
the ∆G210 mutation was transferred via pollen between accessions 25 and 26. Growers
producing soybean in areas where the ∆G210 mutation has been confirmed and that have
a history of soybean fields infested with Palmer amaranth need to be vigilant that Palmer
amaranth escapes are controlled prior to seed production.
Accessions with one or more plants that survived 2.2 kg ai ha-1 of glufosinate and
3.4 kg ai ha-1 of atrazine were found in seven and five accessions, respectively (Table
2.2). Palmer amaranth resistant to atrazine was first documented in Texas in 1993;
however, Palmer amaranth resistant to glufosinate has not been reported to date (Heap
2016). All accessions that survived 3.4 kg ai ha-1 of atrazine were collected in areas near
dairy producing facilities. Corn silage is a common forage consumed by ruminant
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animals, particularly dairy cattle. At the time of Palmer amaranth introduction, it is not
known if these Palmer amaranth accessions were resistant to atrazine. High atrazine use
in areas under continuous corn production where these accessions were collected may
have subsequently selected for atrazine resistance.
Mesotrione targets the HPPD enzyme in plants and is the most recently
commercialized herbicide site of action. Palmer amaranth that survived 0.31 kg ae ha-1 of
mesotrione was observed in 27 Indiana accessions (Table 2.2). Palmer amaranth resistant
to both atrazine and mesotrione herbicides applied alone at 3.4 kg ai ha-1 and 0.31 kg ai
ha-1 were found in 3 accessions. Ma et al. (2013) reported atrazine and mesotrione
resistance in an Illinois waterhemp accession was due to increased metabolism. In
Nebraska, mesotrione and atrazine-resistant Palmer amaranth biomass was reduced by
83% or more when treated with atrazine and mesotrione mixtures compared to no more
than 70 and 11% biomass reduction with mesotrione and atrazine applied alone,
respectively (Jhala et al. 2014).
Of the 410 Palmer amaranth plants treated to 0.56 kg ae ha-1 of 2,4-D, a total of 113
plants across 33 accessions survived to 21 DAT (Table 2.2). Dicamba applied at 0.56 kg
ae ha-1 failed to control all Palmer amaranth plants in five accessions. Additional
experiments need to be conducted to elucidate Palmer amaranth resistance to growth
regulator herbicides.
In conclusion, results from these experiments suggest that Indiana fields that
contain Palmer amaranth have exhibited resistance to atrazine, chlorimuron, cloransulam,
glyphosate, fomesafen, and mesotrione. A high percentage of Palmer amaranth infested
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fields are resistant to chlorimuron, cloransulam, and glyphosate and more than half are
resistant to mesotrione. However, few accessions are resistant to atrazine and fomesafen.
It is unclear if Indiana Palmer amaranth accessions are resistant to 2,4-D or dicamba
because a labeled field rate was the only rate evaluated in this experiment.
In reference to ALS resistance, few plants carry the Trp574Leu mutation in these
accessions. It is likely that the Trp574Leu mutation is not the only mutation that confers
ALS resistance in Indiana Palmer amaranth accessions. Berger et al. (2016) reported a
Ser653Asn mutation in mucronate amaranth (Amaranthus quitensis L.) from Argentina
confers resistance to the imidazolinone class of ALS chemistry. However, the Ser653Asn
mutation was not present in ALS-resistant Palmer amaranth from Argentina. Non-targetsite resistance to ALS-inhibiting herbicides has been reported to occur in Rigid brome
(Bromus rigidus Roth) (Owen et al. 2012). Therefore, non-target-site resistance may also
occur in ALS-resistant Palmer amaranth. No herbicidal weed control strategy is immune
to selection for resistant weeds (Shaner et al. 2012). It is important that Indiana growers
implement a multifaceted weed management approach that utilizes multiple herbicide
sites of action as well as cultural and mechanical weed control methods to reduce further
selection for herbicide resistance Palmer amaranth and minimize Palmer amaranth seed
production.

2.5

Acknowledgements

The authors would like to thank Haozhen Nie for assistance in designing the
molecular probes and primers to detect ALS and PPO-resistant plants. We would also

40

like to thank Brian Overstreet, Purdue extension personnel, and numerous industry
representatives and farmers for providing field locations containing Palmer amaranth.

41

2.6

Literature Cited

Berger S, Madeira PT, Ferrell J, Gettys L, Morichetti S, Cantero JJ, Nuñez C (2016)
Palmer amaranth (Amaranthus palmeri) identification and documentation of ALSresistance in Argentina. Weed Sci 64:312-320
Burgos NR (2015) Whole-plant and seed bioassays for resistance confirmation. Weed Sci
Special Issue:152-165
Burgos NR, Kuk Y, Talbert RE (2001) Amaranthus palmeri resistance and differential
tolerance of Amaranthus palmeri and Amaranthus hybridus to ALS-inhibitor
herbicides. Pest Manage Sci 57:449-457
Chandi A, Milla-Lewis SR, Jordan DL, York AC, Burton JD, Zuleta MC, Whitaker JR,
Culpepper AS (2013) Use of AFLP markers to assess genetic diversity in Palmer
amaranth (Amaranthus palmeri) populations from North Carolina and Georgia.
Weed Sci 61:136-145
Costea M, Weaver SE, Tardif FJ (2004) The biology of Canadian weeds. 130.
Amaranthus retroflexus L., A. powellii S. Watson and A. hybridus L. Canad J Plant
Sci 84:631-668
Culpepper AS, Grey TL, Vencill WK, Kichler JM, Webster TM, Brown SM, York AC,
Davis JW, Hanna WW (2006) Glyphosate-resistant Palmer amaranth (Amaranthus
palmeri) confirmed in Georgia. Weed Sci 54:620-626
Davis AS, Schutte BJ, Hager AG, Young BG (2015) Palmer amaranth (Amaranthus
palmeri) damage niche in Illinois soybean is seed limited. Weed Sci 63:658-668
Doyle JJ, Doyle JL (1990) Isolation of plant DNA from fresh tissue. Focus 12: 13-15

42

Farmer JA, Bish MD, Long AR, Biggs ME, Bradley KW (2015) Does waterfowl
migration = weed seed distribution? Weed Science Society of America 59.
http://wssaabstracts.com/public/37/abstract-123.html. Accessed May 24, 2016
Franssen AS, Skinner DZ, Al-Khatib K, Horak MJ, Kulakow PA (2001) Interspecific
hybridization and gene flow of ALS resistance in Amaranthus species. Weed Sci
49:598-606
Gaeddert JW, Peterson DE, Horak MJ (1997) Control and cross-resistance of an
acetolactate synthase inhibitor-resistant Palmer amaranth (Amaranthus palmeri)
biotype. Weed Technol 11:132-137
Gaines TA, Shaner DL, Ward SM, Leach JE, Preston C, Westra P (2011) Mechanism of
resistance of evolved glyphosate-resistant Palmer amaranth (Amaranthus palmeri). J
Agric Food Chem 59:5886-5889
Gaines TA, Zhang W, Wang D, Bukun B, Chisholm ST, Shaner DA, Nissen SJ, Patzoldt
WL, Tranel PJ, Culpepper SA, Grey TL, Webster TL, Vencill WK, Sammons RD,
Jiang J, Preston C, Leach JE, Westra P (2010) Gene amplification confers
glyphosate resistance in Amaranthus palmeri. Proc Natl Acad Sci USA 107:10291034
Giacomini D, Westra P, Ward SM (2014) Impact of genetic background in fitness cost
studies: an example from glyphosate-resistant Palmer amaranth. Weed Sci 62:29-37
Gossett BJ, Murdock EC, Toler JE (1992) Resistance of Palmer amaranth (Amaranthus
palmeri) to the dinitroaniline herbicides. Weed Technol 6:587-591

43

Heap I (2016) The International Survey of Herbicide Resistant Weeds.
http://www.weedscience.org. Accessed May 25, 2016
Horak MJ, Peterson DE (1995) Populations of Palmer amaranth (Amaranthus palmeri)
and common waterhemp (Amaranthus rudis) are resistant to imazethapyr and
thifensulfuron. Weed Technol 9:192-195
Jha P, Norsworthy JK (2009) Soybean canopy and tillage effects on emergence of Palmer
amaranth (Amaranthus palmeri) from a natural seed bank. Weed Sci 57:644-651
Jhala AJ, Sandell LD, Rana N, Kruger GR, Knezevic SZ (2014) Confirmation and
control of triazine and 4-hydroxyphenylpyruvate dioxygenase-inhibiting herbicideresistant Palmer amaranth (Amaranthus palmeri) in Nebraska. Weed Technol 28:2838
Keeley PE, Carter CH, Thullen RJ (1987) Influence of planting date on growth of Palmer
amaranth (Amaranthus palmeri). Weed Sci 35:199-204
Lee RM, Hager AG, Tranel PJ (2008) Prevalence of a novel resistant mechanism to PPOinhibiting herbicides in waterhemp (Amaranthus tuberculatus). Weed Sci 56:371375
Ma R, Kaundun SS, Tranel PJ, Riggins CW, McGinness DL, Hager AG, Hawkes T,
McIndoe E, Riechers DE (2013) Distinct detoxification mechanisms confer
resistance to mesotrione and atrazine in a population of waterhemp. Plant Phys
163:363-377
Menges RM (1987) Weed seed population dynamics during six years of weed
management systems in crop rotations on irrigated soil. Weed Sci 35:328-332

44

Molin WT, Nandula VK, Wright AA, Bond JA (2016) Transfer and expression of ALS
inhibitor resistance from Palmer amaranth (Amaranthus palmeri) to an A. spinosus x
A. palmeri hybrid. Weed Sci 64:240-247
Norsworthy JK (2003) Use of soybean production surveys to determine weed
management needs of South Carolina farmers. Weed Technol 17:195-201
Norsworthy JK, Griffith G, Griffin T, Bagavathiannan M, Gbur EE (2014) In-field
movement of glyphosate-resistant Palmer amaranth (Amaranthus palmeri) and its
impact on cotton lint yield: Evidence supporting a zero-threshold strategy. Weed Sci
62:237-249
Norsworthy JK, Smith KL, Steckel LE, Koger CH (2009) Weed seed contamination of
cotton gin trash. Weed Technol 23:574-580
Owen MJ, Goggin DE, Powles SB (2012) Non-target-site-based resistance to ALSinhibiting herbicides in six Bromus rigidus populations from Western Australian
cropping fields. Pest Manage Sci 68:1077-1082
Patzoldt WL, Tranel PJ (2007) Multiple ALS mutations confer herbicide resistance in
waterhemp (Amaranthus tuberculatus) Weed Sci 55:421-428
Peterson DE (1999) The impact of herbicide-resistant weeds on Kansas agriculture. Weed
Technol 13:632-635
Price AJ, Balkcom KS, Culpepper SA, Kelton JA, Nichols RL, Schomberg H (2011)
Glyphosate-resistant Palmer amaranth: A threat to conservation tillage. J Soil Water
Conserv 66:265-275

45

Riggins CW, Tranel PJ (2012) Will the Amaranthus tuberculatus resistance mechanism
to PPO-inhibiting herbicides evolve in other Amaranthus species? Inter J Agron.
Article ID 305764, 7 pages. DOI: 10.1155/2012/305764
Salas RA, Burgos NR, Tranel PJ, Singh S, Glasgow L, Scott RC, Nichols RL (2016)
Resistance to PPO-inhibiting herbicide in Palmer amaranth from Arkansas. Pest
Manage Sci 72:864-869
Sauer JD (1957) Recent migration and evolution of the dioecious amaranths. Evolution
11:11-31
Schultz JL, Chatham LA, Riggins CW, Tranel PJ, Bradley KW (2015) Distribution of
herbicide resistance and molecular mechanisms conferring resistance in Missouri
waterhemp (Amaranthus rudis Sauer) populations. Weed Sci 63:336-345
Sellers BA, Smeda RJ, Johnson WG, Kendig JA, Ellersieck MA (2003) Comparative
growth of six amaranthus species in Missouri. Weed Sci 51:329-333
Shaner DL, Lindenmeyer RB, Ostile MH (2012) Why have the mechanisms of resistance
to glyphosate taught us? Pest Manage Sci 68:3-9
Sosnoskie LM, Webster TM, Kichler JM, MacRae AW, Grey TL, Culpepper AS (2012)
Pollen-mediated dispersal of glyphosate-resistance in Palmer amaranth under field
conditions. Weed Sci 60:366-373
Sprague CL, Stoller EW, Wax LM, Horak MJ (1997) Palmer amaranth (Amaranthus
palmeri) and common waterhemp (Amaranthus rudis) resistance to selected ALSinhibiting herbicides. Weed Sci 45:192-197

46

Thompson CR, Peterson D, Lally NG (2012) Characterization of HPPD-resistant Palmer
amaranth. Proceedings of the 52nd annual conference of weed science society of
America. Waikoloa, HI: Weed Sci Soc Am
Watanabe N, Che FS, Iwano M, Takayama S, Yoshida S (2001) Construction of an
Amaranthus hypochondriacus bacterial artificial chromosome library and genomic
sequencing of herbicide target genes. J Bio Chem 276:20474-20481
Webster TM, MacDonald GE (2001) A survey of weeds in various crops in Georgia.
Weed Technol 15:771-790
Wuerffel JR, Young JM, Lee RM, Tranel PJ, Lightfoot DA, Young BG (2015)
Distribution of the ∆G210 protoporphyrinogen oxidase mutation in Illinois
waterhemp (Amaranthus tuberculatus) and an improved molecular method for
detection. Weed Sci 63:839-845

47

Table 2.1: Sources of materials and rates used in the experiment.
Herbicidea
Formulation
Rate (kg ai or ae ha-1)
Manufacturer
Atrazine
4L
1.1 (1X)
Syngenta Crop Protection,
3.4 (3X)
LLC
Chlorimuron
25 DG
0.01 (1X)
DuPont Crop Protection
0.04 (3X)
Cloransulam
84 D
0.02 (1X)
Dow AgroSciences
0.05 (3X)
b
Dicamba
5 SL
0.56 (1X)
BASF Corporation
Fomesafen

1.88 SL

Address
Greensboro, NC

Adjuvant
COC

Wilmington, DE

COC

Indianapolis, IN
Research Triangle
Park, NC
Greensboro, NC

0.35 (1X)
Syngenta Crop Protection,
COC
1.05 (3X)
LLC
Glufosinate2.34 SL
0.74 (1X)
Bayer CropScience LP
Research Triangle
ammonium
2.2 (3X)
Park, NC
Glyphosate
5L
2.5 (1X)
Syngenta Crop Protection,
Greensboro, NC
NIS
7.6 (3X)
LLC
Mesotrione
4 SC
0.11 (1X)
Syngenta Crop Protection,
Greensboro, NC
COC
0.31 (3X)
LLC
2,4-D choline
3.8 L
0.56 (1X)
Dow AgroSciences
Indianapolis, IN
a
AMS was included per label recommendation. The N-Bis-(aminopropyl) methylamine salt of dicamba, sodium salt of
fomesafen, monopotassium salt of glyphosate, and choline salt of 2,4-D was used.
b
No AMS was included.
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Table 2.2: Survival of Indiana Palmer amaranth plants at 21 DAT of 1X and 3X herbicide labeled rate in a whole-plant
greenhouse experiment.a
Herbicide and rate (kg ai or ae ha-1)bc
Acc
Glyphosate Fomesafen Mesotrione Chlorimuron Cloransulam Glufosinate Atrazine 2,4-D Dicamba
2.5
7.6 0.35 1.1 0.11 0.31 0.01 0.04 0.02 0.05
0.7
2.2 1.1 3.4
0.56
0.56
e
──────────────────────────── No. of survivors ───────────────────────────
1
10
7
0
0
10
8
10
9
10
10
0
0
0
0
0
0
2
10
6
1
1
10
10
9
9
10
10
1
1
0
0
1
0
3
9
7
2
0
10
9
10
8
10
10
2
0
1
0
4
0
4
10
5
5
1
7
9
10
8
10
10
0
0
1
0
2
0
5
10
9
4
2
9
10
10
10
10
10
3
0
0
0
1
0
6
2
1
3
4
3
4
10
10
10
10
0
0
1
0
2
0
7
9
5
7
2
10
9
10
10
10
10
2
0
1
0
5
0
8
10
7
6
0
10
10
10
10
10
10
3
0
0
0
3
0
10
8
7
6
2
10
7
10
10
10
10
6
0
0
0
3
0
11
9
10
6
3
10
10
10
10
10
10
7
0
0
0
0
0
12
8
6
7
1
10
9
10
10
10
10
7
2
0
0
0
0
13
10
9
7
2
10
10
10
10
10
10
6
0
0
0
4
0
14
10
8
1
0
9
10
9
10
10
10
2
2
0
0
1
0
15
10
8
3
0
9
5
10
9
10
9
4
0
0
0
2
0
16
9
5
2
0
10
9
10
9
10
10
2
0
0
0
0
0
17
3
4
6
2
9
10
10
9
10
9
4
0
0
0
1
0
18
10
5
1
0
10
9
10
10
10
10
1
0
0
0
3
0
20
10
8
6
1
10
8
10
10
10
10
8
1
8
4
6
0
21
10
6
4
1
9
8
10
10
10
10
3
3
6
2
6
0
22
0
2
6
0
10
9
10
9
10
10
3
2
0
0
0
0
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0
0
3
0
1
0
0
0
0
1
0
0
0
0
0
1
0
0
0
0
1
7

49

23
9
10
1
0
8
8
10
9
10
10
7
1
0
0
2
25
0
0
0
0
4
2
10
10
10
10
0
0
0
0
3
26
0
0
0
0
1
0
10
6
10
10
0
0
0
0
0
27
1
0
0
0
2
0
10
10
10
10
0
0
8
5
4
28
1
1
0
0
9
4
10
10
10
10
0
0
2
1
5
29
10
8
0
0
4
2
10
10
10
10
0
0
0
0
3
30
9
6
0
0
4
1
10
10
10
10
0
0
0
0
5
31
10
4
0
0
7
6
10
10
10
10
0
0
3
0
3
32
9
4
0
0
1
0
10
9
10
9
1
0
0
0
3
34
10
7
0
0
1
0
10
8
10
10
0
0
10
6
2
35
0
0
0
0
1
0
10
9
10
10
0
0
0
0
0
36
10
9
0
0
0
0
10
10
10
10
3
0
1
0
8
37
9
8
0
0
3
0
9
9
10
10
0
0
1
0
4
39
10
5
3
6
5
0
10
10
10
10
0
0
0
0
3
40
10
9
0
0
1
0
10
10
10
10
2
0
3
0
1
41
0
0
0
0
1
0
10
10
10
10
0
0
0
0
6
42
9
1
0
0
0
0
10
8
10
9
0
0
0
0
2
43
10
5
0
0
0
0
10
10
10
10
0
0
0
0
5
44
10
3
0
0
2
0
10
9
10
10
0
0
0
0
0
45
7
1
0
0
1
0
10
9
10
10
0
0
0
0
5
47
10
6
0
0
4
2
10
10
10
10
1
0
0
0
5
d
Total
311 212
87
28
244 198
407
386
410
406
78
12
46 18
113
a
Abbreviations: Acc, accession; dicam, dicamba.
b
Plants were treated at the 6 to 8 true leaf stage and appropriate adjuvants were included per label recommendation.
c
Each herbicide treatment included 10 plants and a nontreated check was included in the experiment.
d
Total number of Palmer amaranth plants n=410 treated with each herbicide rate.
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Table 2.3: Summary of molecular assay for EPSPS gene copy, PPX2L codon deletion, and acetolactate synthase Trp574Leu mutation
in 41 Indiana Palmer amaranth accessions.abc
2.5 kg ae ha-1 of Glyphosate
Mean gene
Proportion of
Palmer amaranth
Proportion of plants
Proportion of plants with
d
Accession
copy
alive plants
Control
with ∆G210 mutation
Trp574Leu mutation
No plant-1
%
1
75
9/9
53
1/10
3/10
2
68
9/9
35
0/9
9/9
3
43
9/10
36
0/10
6/10
4
104
10/10
40
0/10
2/9
5
59
9/10
46
0/10
7/10
6
1
2/10
99
0/9
1/9
7
98
10/10
38
0/9
6/9
8
100
9/9
44
0/9
2/9
10
8
2/10
90
0/10
2/10
11
133
10/10
40
0/9
8/10
12
99
9/10
62
0/10
9/10
13
57
10/10
52
0/10
7/10
14
93
10/10
33
0/10
1/10
15
66
4/11
86
0/10
0/10
16
46
10/15
73
0/15
14/15
17
12
2/14
95
0/16
1/16
18
63
2/9
95
0/10
0/10
20
54
8/8
68
0/8
0/8
21
83
9/9
65
0/8
7/8
22
1
0/10
100
0/10
9/10
23
66
10/10
58
0/10
1/10
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25
26
27
28
29
30
31
32
34
35
36
37
39
40
41
42
43
44
45
47

1
0/10
100
2/10
0/10
1
0/10
100
1/10
0/10
8
0/8
100
1/10
0/10
10
1/9
99
0/10
1/10
33
8/10
68
0/10
8/10
84
5/9
76
0/10
3/10
56
9/10
34
0/10
3/10
85
6/8
43
0/8
1/8
71
9/10
39
0/10
0/10
1
0/8
100
0/9
0/6
100
9/10
56
0/10
1/10
62
9/10
44
0/10
7/10
72
8/8
44
6/10
4/9
85
8/8
25
0/10
6/9
1
0/10
100
0/9
7/10
35
6/7
51
0/10
2/10
51
9/9
44
1/8
6/10
125
9/9
43
0/10
0/9
36
5/8
66
0/7
7/10
37
9/9
69
0/10
3/10
a
-1
DNA was extracted using the CTAB method from all plants prior to treatment of 2.5 kg ae ha of glyphosate.
b
DNA extracted from plants tested for gene copy number were used to test for ∆G210 and Trp574Leu mutation.
c
Plants were treated at the 6 to 8 true leaf stage and appropriate adjuvants were included per label recommendation.
d
Palmer amaranth control represents plants treated with 2.5 kg ae ha-1 of glyphosate. Fomesafen or chlorimuron were not treated
to Palmer amaranth.
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0-2 plants with Trp574Leu
mutation
2-4 plants with Trp574Leu
mutation
4-6 plants with Trp574Leu
mutation
6-8 plants with Trp574Leu
mutation
>8 plants with Trp574Leu
mutation

Figure 2.1: Map of Palmer amaranth accessions with acetolactate synthase Trp574Leu
mutation. Accessions were collected from 2013 and 2014 in Indiana. Sample size tested
for Trp574Leu mutation in each accession ranged from 6 to 16 plants.
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Figure 2.2: EPSPS genomic copy number plotted against Palmer amaranth control. Each
dot represents a single accession with a sample size of 7 to 15 plants. Inset: Range of
EPSPS copy number relative to frequency of accessions.
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1 EPSPS copy
2-15 EPSPS copies
31-45 EPSPS copies
46-60 EPSPS copies
61-75 EPSPS copies
76-90 EPSPS copies
91-105 EPSPS copies
>105 EPSPS copies

Figure 2.3: Map of Palmer amaranth accessions with EPSPS copy number. Accessions
were collected from 2013 and 2014 in Indiana. Sample size tested for EPSPS copy
number in each accession ranged from 7 to 15 plants.
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No ∆G210 mutation
1-3 plants with ∆G210
mutation
4-6 plants with ∆G210
mutation

Figure 2.4: Map of Palmer amaranth accessions with ∆G210 mutation in PPX2L.
Accessions were collected from 2013 and 2014 in Indiana. Sample size tested for ∆G210
mutation in each accession ranged from 7 to 16 plants.
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CHAPTER 3. INFLUENCE OF TILLAGE FREQUENCY AND TIMING ON
PALMER AMARANTH (AMARANTHUS PALMERI) EMERGENCE IN INDIANA

3.1

Abstract

Early-season tillage is a common practice to control weeds before crop
establishment. To determine the effect of tillage frequency and timing on Palmer
amaranth emergence in Indiana, four tillage treatments were evaluated at a location
naturally infested with Palmer amaranth. The four tillage treatments were: early-spring
tillage, early-spring followed by mid-season tillage, early-spring followed by late-season
tillage, and early-spring followed by mid-season followed by late-season tillage. Tillage
initially stimulated Palmer amaranth emergence at all four timings. A sequential two-pass
tillage event that occurred no more than 30 days after early-spring tillage resulted in
cumulative emergence similar to single pass early-spring tillage. However, delaying the
sequential two-pass tillage event for 60 days after early-spring tillage or tilling early-,
mid-, and late-season resulted in 123% or more cumulative Palmer amaranth emergence
than early-spring tillage. Growing degree days to 50% emergence for the early-season
tillage treatment occurred in as few as 96 GDD. Tillage more than 30 days apart and
three tillage passes resulted in more emergence than a single tillage event or two tillage
events less than 30 days apart.
Nomenclature: Palmer amaranth, Amaranthus palmeri S. Wats.
Keywords: Conventional tillage, tillage system, weed biology.
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3.2

Introduction

Tillage has been a primary component for weed control in Midwestern crop
production from the introduction of the steel plow in 1837 until recently as no-tillage
practices have become more popular. However, tillage can have deleterious effects on
soil structure and contribute to soil loss by exposing soil particles to wind and water
erosion (Karlen et al. 1994). In the early 1940’s, the chemical era ushered in an
alternative method to control weeds (Timmons 1970). Herbicides applied in conjunction
with tillage before crop establishment was a common method to control weeds prior to
development of herbicide-resistant crops. Soil applied herbicides, such as those that
contain the active ingredient trifluralin, must be soil incorporated for optimal herbicidal
activity (Sensenman 2007).
In recent decades, cultivation for weed control has become less popular among
large-scale cotton (Gossypium hirsutum L.), corn (Zea mays L.), and soybean [Glycine
max (L.) Merr.] growers (Givens et al. 2009). Non-selective herbicides, such as
glyphosate and glufosinate, applied to transgenic crops expressing herbicide-tolerant
genes for in-crop weed control have been overwhelmingly adopted by U.S. growers. In
the U.S., a shift in the percentage of cropland under conservational tillage increased 10%
from 1989 to 1998 (Follett 2001). In 2005, up to 33% of Mississippi and North Carolina
growers adopted conservation tillage practices because of the adoption of herbicideresistant crops (Givens et al. 2009). To-date, 250 weed species resistant to 23 herbicide
sites of action are found globally and continues to increase (Heap 2016).
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Palmer amaranth is a highly competitive summer annual weed that infests
numerous agronomic fields in the U.S. This problematic weed germinates rapidly and
exhibits a discontinuous emergence pattern that is influenced by light interception,
precipitation, and soil temperature fluctuation (Jha and Norsworthy 2009; Jha et al. 2014;
Steckel et al. 2004). In a study by Bell et al. (2015) soil temperature fluctuation decreased
8 C when soybean were established at densities of 150,000 plants ha-1 or more and at
95% canopy formation when compared to bare ground soil temperature fluctuations.
Characteristic of many small-seeded broadleaf weeds, Palmer amaranth germinates in
close proximity (3 cm) to the soil surface (Keeley et al. 1987). Therefore, emergence is
likely to occur in no-tillage systems where Palmer amaranth seed has been introduced
unintentionally or uncontrolled plants have produced seed. Moreover, Palmer amaranth
accessions in many Midwest and southern states are herbicide-resistant. In fact, Palmer
amaranth resistant to six herbicide sites of action has been reported in the U.S., leaving
growers with fewer effective herbicide options (Heap 2016). Moldboard plowing Palmer
amaranth infested fields is an option growers have to manage Palmer amaranth.
Particularly, if the field has been no-till cropped for many years where a high proportion
of seeds remain undisturbed near the soil surface. The objectives of this research were to
determine if tillage timing and tillage periodicity influences cumulative Palmer amaranth
emergence in Indiana.
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3.3

Materials and Methods

3.3.1

Site Description

A bare ground field study in 2013, 2014, and 2015 was conducted near Twelve
Mile, Indiana at a site (40.877347°N, -86.206042°W) containing Palmer amaranth. The
soil type was a Bloomfield loamy fine sand (sandy, mixed, mesic Lamellic Hapludalfs)
with 62% sand, 21% silt, and 17% clay and conventionally tilled.

3.3.2 Weekly Data Collection
Throughout the course of this study, four tillage treatments were evaluated (earlyspring tillage, early-spring followed by mid-season tillage, early-spring followed by lateseason tillage, and early-spring followed by mid-season followed by late-season tillage).
In 2013, the early-spring tillage, early-spring followed by mid-season tillage, and earlyspring followed by late-season tillage were applied. It was observed that as more tillage
treatments were introduced, cumulative Palmer amaranth emergence increased. Therefore
in 2014, an early-spring followed by mid-season followed by late-season tillage treatment
replaced the early-spring followed by mid-season tillage treatment. In 2014, a total of
three tillage treatments were applied (early-spring tillage, early-spring followed by lateseason tillage, and early-spring followed by mid-season followed by late-season tillage).
In 2015, all four tillage treatments were implemented so two or more years of data were
generated for all tillage treatments. A detailed list of dates of tillage treatments can be
found in Table 3.1.
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Soil was tilled to a depth of 10 cm using a walk-behind rototiller to simulate interrow cultivation where seed buried below the germination zone were brought closer to the
soil surface. Newly emerged Palmer amaranth seedlings were removed by hand from a 1
m2 area established at the early-spring tillage treatment at weekly intervals from May 9 to
October 29, 2013, April 28 to October 30, 2014, and April 17 to October 29, 2015.
Weather data were generated from an on-site weather station (Model 1400, Spectrum
Technologies, Inc., 3600 Thayer Court, Aurora, IL. 60504) in all study years and are
presented in Figures 3.1, 3.2, and 3.3. Soil temperature (C) and soil moisture (% water by
volume) were recorded with SMEC-300 sensors continuously throughout the study and
were buried at a depth ranging from 1.3 to 2.5 cm. Sensors were buried from 1.3 to 2.5
cm because at this depth the greatest percentage of Palmer amaranth emergence occurs
(Keeley et al. 1987). Sensors were removed during tillage treatments and replaced
immediately afterward.
Cumulative growing degree days (GDD) were calculated from daily mean soil
temperature readings from each tillage treatment using the equations 𝐺𝐷𝐷𝑑𝑎𝑖𝑙𝑦 =
(

[𝑇𝑚𝑎𝑥 +𝑇𝑚𝑖𝑛 ]
2

) − 𝑇𝑏𝑎𝑠𝑒 [Equation 1] and 𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝐺𝐷𝐷 = ∑𝑛𝑖=1 𝐺𝐷𝐷𝑑𝑎𝑖𝑙𝑦 [Equation 2]

where Tmax is the daily maximum daily soil temperature, Tmin is the daily minimum soil
temperature, and Tbase is the base temperature (10 C) at which no growth occurred and n
is the number of accumulated days from early-spring tillage. Where daily mean soil
temperature was negative, GDDdaily equaled 0. The growing degree day calculation is a
common metric used for insect and plant development (Gilmore and Rogers 1958). Soil
temperature and moisture were recorded in the early-spring tillage treatment in 2013.
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However, in 2014 and 2015, soil moisture and temperature were recorded in all tillage
treatments.

3.3.3

Experimental Design and Statistical Analysis

The experimental design was a randomized complete block design, with four
replications conducted over three years. Tillage treatment was the only factor evaluated
with four levels (early-spring, early-spring followed by mid-season, early-spring
followed by late-season, and early-spring followed by mid-season followed by lateseason).
Weekly Palmer amaranth emergence was expressed as a percentage of cumulative
emergence of the early-spring tillage treatment. The Gompertz function is often used to
predict seedling emergence in relation to soil temperature in weedy species (Benech
Arnold et al. 1990; Fidanza et al. 1996). Non-linear regression analysis was conducted
using a three-parameter Gompertz function using SigmaPlot (SigmaPlot 12.5, Systat
Software Inc., San Jose, CA) that regressed Palmer amaranth emergence against
cumulative GDD since early-spring tillage. 𝑌 = 𝑎 ∗ exp(− exp (−

𝑥−𝐺𝐷𝐷50
𝑏

)) [Equation

3]. In this model, Y is Palmer amaranth emergence converted to a percentage of the
early-spring tillage treatment; parameter a is the estimated percent cumulative
emergence; b is the slope of the regression line at GDD50; and GDD50 is the total number
of growing degree days accumulated since early-spring tillage for 50% of season long
Palmer amaranth emergence to occur. Predicted estimate means of cumulative Palmer
amaranth emergence and GDD to 50% of total emergence to occur are found in Table 3.2
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and were separated by tillage treatment at the 0.05 level of significance using the
Bonferroni method (n = 6). Root mean square error (RMSE) [Equation 4] and modelling
efficiency coefficient (EF) [Equation 5] were calculated to test goodness of fit for the
logistic model, where Pi is the predicted value, Oi is the observed value, n is the total
̅𝑖 is the mean observed value (Archontoulis and Miguez
number of observations, and 𝑂
1/2

1

2015). 𝑅𝑀𝑆𝐸 = [𝑛 ∑𝑛𝑖=1(𝑃𝑖 − 𝑂𝑖 )2 ]

[4].

EF = 1 − [∑𝑛𝑖=1(𝑂𝑖 − 𝑃𝑖 )2 / ∑𝑛𝑖=1(𝑂𝑖 −

𝑂̅𝑖 )2 ] [5]. Data were pooled across years because the effect of tillage on Palmer amaranth
emergence throughout the season were similar.

3.4

Results and Discussion

Palmer amaranth emergence following early-spring tillage occurred between May 3
and May 20 or 11, 17, and 16 days after early-spring tillage in 2013, 2014, and 2015,
respectively. Maximum and minimum soil temperature during the week leading up to
initial Palmer amaranth emergence was 25 and 15 C, respectively, across all years.
Percent soil moisture was not recorded during the initial Palmer amaranth flush in 2013
and 2014 due to equipment failure. However, soil moisture in 2015 ranged from 2 to 5%
when the first flush of Palmer amaranth emerged. Palmer amaranth failed to emerge later
than October 14 in all years (Table 3.1). Maximum and minimum soil temperature at the
time of final Palmer amaranth emergence was 14 and 8, 15 and 8, and 18 and 11 C in
2013, 2014, and 2015, respectively (Figures 3.1, 3.2, and 3.3). However, a spike in
maximum and minimum soil temperature near 24 and 14 C, respectively, was observed
after the last recorded date of Palmer amaranth emergence in 2014 and 2015. Guo and
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Al-Khatib (2003) reported no Palmer amaranth emergence at temperatures lower than 10
C or greater than 50 C. In the same study, Palmer amaranth germination exceeded 40% at
maximum and minimum temperatures of 35 and 30 C, respectively. In this study, the
maximum daily soil temperature at a depth of 1.3 to 2.5 cm did not exceed 35 C in 2013
or 47 C in 2014 and 2015 over the course of the study. These temperatures were
generally observed from early-July to mid-August and in some instances lasted through
early-September. Variation in soil temperature is likely due to the depth at which the
SMEC-300 sensors were burial each year. For example, in 2013 sensors were buried
closer to 2.5 cm and in 2014 and 2015 at 1.3 cm.
Soil moisture fluctuated throughout the growing season and varied between years.
Soil moisture ranged from 4% to more than 30% during periods of high Palmer amaranth
emergence (May to July) in all years. Generally, soil moisture fluctuated between nearly
0 and 5% in all tillage treatments from late-July to mid-September in 2013 and 2015
(Figures 3.1 and 3.3). However, soil moisture often exceeded 5% in all tillage treatments
from August to October in 2014 (Figure 3.2).

3.4.1

Influence of Tillage Treatment

In the geography where the study was conducted, an early-spring tillage treatment
routinely occurs prior to crop establishment, thus the mean predicted estimate for the
early-spring tillage treatment is near 100% for (Table 3.2). When averaged across all
three growing seasons (2013 to 2015), 100% Palmer amaranth emergence in the earlyspring tillage treatment was equivalent to 177 plants m-2 (data not shown). Cumulative
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Palmer amaranth emergence increased 123% or more with early-spring followed by lateseason or early-spring followed by mid-season followed by late-season tillage compared
to early-spring tillage alone. These data suggest that two or more tillage passes increase
seed recruitment near to the soil surface where Palmer amaranth emergence is highest.
However, the same result was not observed with early-spring followed by mid-season
tillage. One explanation for this phenomena is the mid-season tillage redistributed nongerminated seed below the germination zone. We speculate a portion of the displaced
seeds could have emerged later in the season if the sequential tillage did not occur 30
days after early-spring tillage. Jha et al. (2010) reported Palmer amaranth seeds buried at
10 cm for a period of 6 mo, required exposure to light for dormancy alleviation.
However, results from our study, suggest that early-spring followed by mid-season
followed by late-season tillage induces additional Palmer amaranth emergence. It is
unclear if Palmer amaranth seed from our study were exposed to natural light during
tillage, nonetheless, Jha et al. (2010) reported Palmer amaranth seed exposed to natural or
red light in May increased seed germination by 11% compared to seed exposed to
treatments of far-red, red:far-red, far-red:red, or no light. Therefore, in our study we
speculate that some seed were exposed to natural light for a brief period during tillage
and combined with fluctuating soil temperatures, contributed to Palmer amaranth
emergence. Palmer amaranth emergence is also sensitive to burial depth. Keeley et al.
(1987) reported 98% of Palmer amaranth seed did not emerge when buried at 7.6 cm or
lower.
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Differences in GDD50 were reported between tillage treatments. The early-spring
tillage treatment had 50% season-long Palmer amaranth emergence occur 194 to 409
GDD earlier than the early-spring followed by mid-season and early-spring followed by
late-season tillage treatment. However, GDD to 50% cumulative emergence was similar
between early-spring tillage and early-spring followed by mid-season followed by lateseason tillage treatments. This result can be explained mostly by the large standard error
(±125) in the early-spring followed by mid-season followed by late-season tillage
treatment (Table 3.2). The modeling efficiency coefficient for the early-spring followed
by mid-season followed by late-season tillage treatment was 0.50. The modeling
coefficient was 0.80 or more for all other tillage treatments that were fit to threeparameter Gompertz function, suggesting that the model was a better fit for those data
(Table 3.2).
An increase in GDD to 50% Palmer amaranth emergence due to multiple tillage
events creates a management challenge for growers. A postemergence non-systemic
herbicide application will not control weeds shaded by the crop canopy. Moreover, lateseason rescue applications are often off-label and can result in herbicide carryover.
Uncontrolled plants that emerge and complete their reproductive life cycle will replenish
the soil seed bank. Therefore, multiple tillage events in a growing season may control
emerged plants, but could also promote new emergence of Palmer amaranth that will not
be controlled later in the season.
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3.4.2 Practical Implications
Palmer amaranth accessions resistant to postemergence herbicides has been
reported in Indiana (Legleiter and Johnson 2013). Some accessions exhibit multiple
herbicide-resistance (unpublished data). The biology of Palmer amaranth allows for
resistant accessions to spread quickly if plants are not controlled. Minimizing seed rain
from escaped plants is essential for long-term Palmer amaranth management. In a 4-year
artificially simulated seed burial study, Jha et al. (2014) reported less than 0.03% of
remaining Palmer amaranth seed were viable. Tillage is an effective in-season tool
growers have available to control emerged Palmer amaranth plants in-between crop rows.
Increasing tillage frequency and tillage periodicity may increase Palmer amaranth
emergence in Indiana. The most critical period to manage Palmer amaranth in Indiana is
from May to July after early-spring tillage with no subsequent in-season tillage. If
sequential tillage is necessary, our data suggest tilling no later than 30 days after earlyspring tillage. Given a period of sufficient soil moisture (>5%) and soil temperatures (20
to 35 C) conducive for emergence, few Palmer amaranth emerge between August and
October. Therefore, it is imperative growers control Palmer amaranth prior to emergence
with soil applied residual herbicides and after emergence with overlapping residual plus
postemergence herbicides applied to herbicide-sensitive plants and monitor fields for
late-season escapes (Whitaker et al. 2011). Sufficient rainfall to activate soil residual
herbicides late-season may not occur in all growing seasons. Thus, integrating a holistic
weed management strategy that includes chemical, cultural, and mechanical practices will
be necessary to manage Palmer amaranth.
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Table 3.1: Date of tillage timing and date of first and last flush of Palmer amaranth
emergence in Indiana.
Tillage treatment
2013a
2014b
2015c
Early-spring tillage
May 9
April 28
April 17
Early-spring followed May 9 followed
April 17 followed by
──────
by mid-season
by June 18
May 18
Early-spring followed May 9 followed April 28 followed April 17 followed by
by late-season
by July 10
by July 3
June 24
Early-spring followed
April 28 followed
April 17 followed by
by mid-season
by May 29
──────
May 18 followed by
followed by latefollowed by June
June 24
season
27
a
Date of first and last flush of Palmer amaranth emergence in 2013: May 20 and
October 14, respectively.
b
Date of first and last flush of Palmer amaranth emergence in 2014: May 15 and
October 4, respectively.
c
Date of first and last flush of Palmer amaranth emergence in 2015: May 3 and
October 9, respectively.
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Table 3.2: Parameter estimates of the three-parameter Gompertz functiona fitted to
Palmer amaranth emergence and converted to a percentage of the early-spring tillage
treatment.
Tillage treatment
ab
b
GDD50c
RMSEd EF
%
Early-spring
98 ± 2 b
345 ± 40
96 ± 26 b
16
0.99
Early-spring followed by
130 ± 6 b
332 ± 83
290 ± 54 a
50
0.96
mid-season
Early-spring followed by
221 ± 32 a 846 ± 300
505 ± 156 a
92
0.80
late-season
Early-spring followed by
mid-season followed by
222 ± 21 a 384 ± 196
282 ± 125 ab
166
0.50
late-season
a

𝑌 = 𝑎 ∗ exp(− exp (−

𝑥−𝐺𝐷𝐷50
𝑏

)), where Y is Palmer amaranth emergence (percent

of early-spring tillage treatment); parameter a is the estimated cumulative percent
emergence; b is the slope of the regression line at GDD50; and GDD50 is the
accumulated growing degree days since the early-spring tillage treatment that resulted
in 50% cumulative Palmer amaranth emergence relative to emergence of the earlyspring tillage treatment.
b
Values are mean ± SE.
c
Abbreviations EF, modelling efficiency coefficient; GDD, growing degree days;
RMSE, root mean square error.
d
Smaller RMSE values indicate predicted values are closer to observed values.
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Figure 3.1: Season-long soil temperature and soil moisture of the early-spring tillage
timing in 2013 at Twelve Mile, IN. The horizontal dashed turquoise line represents the
soil moisture, while the upper and lower horizontal solid lines represent the maximum
and minimun soil temperature, respectively. Vertical bars represent tillage. One pass
early-spring tillage (solid vertical bar), two pass early-spring followed by mid-season
tillage (solid and dashed vertical bars), and two pass early-spring followed by late-season
tillage (solid and alternating short-long dash vertical bars).
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Figure 3.2: Season-long soil temperature and soil moisture of the early-spring tillage
timing (A), early-spring followed by late-season tillage (B), and early-spring followed by
mid-season followed by late-season tillage (C) in 2014 at Twelve Mile, IN. The
horizontal dashed turquoise line represents the soil moisture, while the upper and lower
horizontal solid lines represent the maximum and minimun soil temperature, respectively.
Vertical bars represent tillage. One pass early-spring tillage (solid vertical bar), two pass
early-spring followed by late-season tillage (solid and alternating short-long dash vertical
bars), and three pass early-spring followed by mid-season followed by late-season tillage
(solid, dashed, and alternating short-long dash vertical bars).
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Figure 3.3: Season-long soil temperature and soil moisture of the early-spring tillage
timing (A), early-spring followed by mid-season tillage (B), early-spring followed by
late-season tillage (C), and early-spring followed by mid-season followed by late-season
tillage (D) in 2015 at Twelve Mile, IN. The horizontal dashed turquoise line represents
the soil moisture, while the upper and lower horizontal solid lines represent the maximum
and minimun soil temperature, respectively. Vertical bars represent tillage. One pass
early-spring tillage (solid vertical bar), two pass early-spring followed by mid-season
tillage (solid and dashed vertical bars), two pass early-spring followed by late-season
tillage (solid and alternating short-long dash vertical bars), and three pass early-spring
followed by mid-season followed by late-season tillage (solid, dashed, and alternating
short-long dash vertical bars).
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Figure 3.4: Palmer amaranth emergence (percent of early-spring tillage treatment) in
response to tillage timing. Vertical bars represent tillage. One pass early-spring tillage
(solid vertical bar), two pass early-spring followed by mid-season tillage (solid and
dashed vertical bars), two pass early-spring followed by late-season tillage (solid and
alternating short-long dash vertical bars), and three pass early-spring followed by midseason followed by late-season tillage (solid, dashed, and alternating short-long dash
vertical bars). Horizontal lines represent the predicted non-linear regression line for
Palmer amaranth emergence for each respective tillage treatment.
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CHAPTER 4. PHENOLOGY OF FIVE PALMER AMARANTH (AMARANTHUS
PALMERI) ACCESSIONS GROWN IN NORTHERN INDIANA

4.1

Abstract

Palmer amaranth has been documented as one of the most problematic weeds
encountered in U.S. cotton and soybean production. Recently, Palmer amaranth seed has
been introduced to cropping areas across Indiana through contaminated feedstuffs and
equipment. The objectives of this research were to determine the influence of planting
date and accession on Palmer amaranth growth and reproduction in northern Indiana. All
accessions planted early- or mid-season measured 196 cm or more in height. Palmer
amaranth height did not exceed 168 cm when planted late-season. Early-season planted
Palmer amaranth from Nebraska grew to 50% of maximum height 8 to 13 days earlier
than all other accessions. In addition, the Nebraska accession planted early-, mid-, and
late-season achieved 50% inflorescence emergence 5, 4, and 6 days earlier, respectively,
and produced 45% more seed plant-1 than all other accessions. All accessions produced
fewer than 100,000 seeds plant-1 and plants that emerged late-season produced less than
7,500 seeds plant-1. Accessions from Mississippi, Missouri, and Nebraska grew to 10, 20,
and 30 cm 3, 5, and 6 days earlier, respectively, than the Arkansas accession when
planted early-season. Growing degree days (GDD’s) for late-season planted Palmer
amaranth growth to 10 or 20 cm were similar among accessions in 2014. In 2013, Palmer
amaranth planted early-season produced 43% more biomass than mid-season planted
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Palmer amaranth. In 2014, Palmer amaranth planted early- and mid-season produced
similar amounts of biomass, however, late-season planted Palmer amaranth produced
62% less biomass than early- or mid-season planted Palmer amaranth. No accession
produced more than 740 g plant-1 of biomass at 17 wk after planting. Planting date
influenced the distribution of male and female plants. Palmer amaranth accessions from
Indiana and Mississippi planted late-season had male to female plant ratios of 1.3:1 and
1.7:1, respectively. Equal proportions of male to female plants were observed in all
accessions planted early-season. Palmer amaranth introduced to northern Indiana from
Nebraska can produce up to 7,500 seeds plant-1 if emergence occurs by mid-July. The
Nebraska Palmer amaranth accession appears to exhibit biological characteristics
allowing it to be highly competitive if introduced to northern Indiana due to a similar
latitudinal range.
Nomenclature: Palmer amaranth, Amaranthus palmeri S. Wats.
Keywords: Common garden experiment, genetic and environmental variation,
geographic range, weed biology.
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4.2

Introduction

Palmer amaranth is a dioecious weedy summer annual plant of the Amaranthaceae
family. Species in the genus Amaranthus are found globally (Costea et al. 2005), with
many exhibiting dioecious reproduction (separate male and female plants) found in North
and Central America. Since the early 20th century, Palmer amaranth has expanded beyond
its native range of Mexico and southwestern U.S., an area known as the Sonoran Desert,
to areas north and east (Sauer 1957). More recently, Palmer amaranth and other weedy
Amaranthus species have been found infesting Midwest and southern U.S. corn, cotton,
and soybean producing areas (Steckel 2007; Uva et al. 1997). Li and Qiang (2009) found
that rain and water runoff contribute to the spread of as many as 74 weed species, and
more recently Norsworthy et al. (2014) reported Palmer amaranth seed traveling as far as
114 m in rainwater. Other studies confirm dispersal of Amaranthus species via mallard
ducks (Anas platyrhynchos) and snow geese (Chen caerulescens) in Missouri (Farmer et
al. 2015). In that study, over 4,000 plants emerged from the species Amaranthus after
seed were removed from internal organs of 349 migratory birds.
A herbicide application survey conducted across six states by Givens et al. (2009a)
reported 42% of continuous cotton growers applied glyphosate three times or more to the
same field per season in 2005. Similarly, Wilson et al. (2011) reported from 2006 to 2007
62% of grower field sites under glyphosate-resistant (GR) corn and GR soybean crop
rotation applied glyphosate alone for weed control. Simplified weed management
strategies, such as single active ingredient herbicide programs applied over large land
areas multiple times per growing season have selected for herbicide-resistant Palmer
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amaranth biotypes (Culpepper et al. 2006; Wise et al. 2009). This degree of selection
pressure has resulted in proliferation of Palmer amaranth biotypes that are resistant to
acetolactate synthase (ALS), dinitroanaline, and glyphosate herbicides (Culpepper et al.
2006; Gossett et al. 1992; Sprague et al. 1997).
Crop yields are sensitive to Palmer amaranth competition (Bensch et al. 2003;
Massinga et al. 2001). For example, one Palmer amaranth plant 2 m-1 crop row reduced
sweet potato yield by 30% (Meyers et al. 2010). As a result, researchers suggest growers
try to eliminate all Palmer amaranth plants prior to seed production (Davis et al. 2015;
Norsworthy et al. 2014). Once Palmer amaranth is established in a crop field it can be
difficult to manage because of season-long emergence. Jha and Norsworthy (2009)
reported 40 Palmer amaranth plants m-2 or more emerge in two to three flushes that began
early-May through mid-July in no-till soybean. Moreover, Palmer amaranth emergence in
California has been reported to occur as late as October (Keeley et al. 1987). Palmer
amaranth emergence peaked at 44% when buried no deeper than 2.5 cm and decreased to
7% when buried below 5 cm of soil (Keeley et al. 1987). To complicate things further,
Palmer amaranth emergence is most successful in reduced tillage production systems,
which has been overwhelmingly adopted by Indiana soybean growers (Harmon 2015).
Moreover, 25 and 31% of growers across Illinois, Indiana, Iowa, Mississippi, Nebraska,
and North Carolina switched from conventional tillage to no- or reduced tillage systems,
respectively, after adopting GR cropping systems (Givens et al. 2009b).
Palmer amaranth growth following emergence can be vigorous and exceed similar
species. For example, at two weeks after planting Amaranthus species, Sellers et al.
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(2003) observed Palmer amaranth height to be 3.7 cm taller than redroot pigweed
(Amaranthus retroflexus L.), the second tallest species of six evaluated. Palmer amaranth
measuring 210 cm in height at 12 wk after planting on June 1 has been reported in
California (Keeley et al. 1987). In another study, Guo and Al-Khatib (2003) reported that
Palmer amaranth biomass accumulation is more sensitive to cooler day/night air
temperatures (15/10 C) than redroot pigweed and common waterhemp (Amaranthus rudis
Sauer). However, more than 1,600 miles north of the native habitat of Palmer amaranth,
the weed has infested numerous agronomic fields in Wisconsin and Michigan (Butts and
Davis 2015; Sprague 2014). When day/night air temperatures were increased (25/20 to
35/30 C), Palmer amaranth accumulated more biomass than redroot pigweed or common
waterhemp after 2, 3, and 4 wk of exposure (Guo and Al-Khatib 2003).
Previous research suggests that Palmer amaranth produces seed within two to three
weeks after flowering (Keeley et al. 1987), which begins mid-July in Georgia (Sosnoskie
et al. 2012). Bell and Tranel (2010) reported that common waterhemp, a closely related
species to Palmer amaranth, can produce seed in as few as 9 days after pollination in a
pollen controlled greenhouse environment. Uncontrolled weeds that produce seed shortly
after flowering increase the weed seedbank. The quantity of Palmer amaranth seed that
can be produced is closely linked to emergence timing. Sellers et al. (2003) found that
early emerging Palmer amaranth may produce over 250,000 seed plant-1 over the course
of a growing season. However, plants that emerge in September produce fewer than 100
seeds plant-1 at 9 wk after emergence (Keeley et al. 1987). In the same study, seed
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collected from late-season emerging Palmer amaranth exhibited lower germination (20%)
than seed harvested from plants that emerged early-season (70%).
Studies have been conducted that compare growth and seed production among
Amaranthus species (Guo and Al-Khatib 2003; Horak and Loughlin 2000; Sellers et al.
2003). To our knowledge few studies have been published on variation of Palmer
amaranth growth among accessions (Bond and Oliver 2006; Davis et al. 2015). Bond and
Oliver (2006) reported variation in leaf area ratio, specific leaf area, net assimilation rate,
and stem leaf ratio among Palmer amaranth accessions, suggesting that different Palmer
amaranth ecotypes exist. Davis et al. (2015) suggests that Palmer amaranth genotype or
maternal environment do not influence soybean grain yield and that Palmer amaranth’s
damage niche is dependent on seed introduction. Understanding biological characteristics
among Palmer amaranth accessions and emergence timing may elucidate Palmer
amaranth’s ability to compete as a weed in northern Indiana.
The research objectives of this study were to determine the influence of planting
date (early-, mid-, or late-season) and accession source (Arkansas, Indiana, Mississippi,
Missouri, and Nebraska) on growth and reproduction of Palmer amaranth in northern
Indiana. We predict that growth and inflorescence emergence of Palmer amaranth vary
between accessions from the U.S. Midwest. While our alternative hypothesis was that
Palmer amaranth growth and inflorescence emergence are not conditioned by accession
source, indicating that Palmer amaranth accessions respond similarly when introduced to
northern Indiana.
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4.3

Materials and Methods

4.3.1

Site Description

Field studies were conducted near Lafayette, Indiana at the Throckmorton Purdue
Agricultural Center (40.298717°N, -86.901449°W) during summers of 2013 and 2014.
The soil type was a Throckmorton silt loam (fine-silty, mixed, superactive, mesic Mollic
Oxyaquic Hapludalfs) with a pH of 6.7 and 3% organic matter. Daily rainfall totals (bars)
and minimum (dotted line), average (dashed line), and maximum (solid line) air
temperature were generated from an onsite weather station at Throckmorton Purdue
Agricultural Center in 2013 and 2014 and are presented in Figure 4.1. Weather data
presented from Throckmorton Purdue Agriculture Center can be accessed from
(www.iclimate.org).

4.3.2

Palmer amaranth Seed Preparation and Planting

Palmer amaranth seed were collected from 20 to 30 female plants near Fayetteville,
AR, Evansville, IN, Greenville, MS, Chamois, MO, and Lincoln, NE by colleagues
(Table 4.1). Seed were stored in a cooler at 4 C for three months prior to planting. Palmer
amaranth seed not used in 2013 was placed in cold storage and used for the 2014 season.
The entire plot area where Palmer amaranth were planted was tilled once.
Undesired plants that emerged after conventional tillage were controlled with 840 g ae
ha-1 paraquat (Syngenta Crop Protection, Inc., 410 Swing Road, Greensboro, NC 27409).
Weeds between plots were removed by tillage as needed while weeds within plots were
hand pulled. Prior to planting, 300 seeds weighing approximately 0.1 g from each
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location plus one cup of white silica sand were placed in seed packets and thoroughly
mixed. At planting, a single packet of the mixed Palmer amaranth seed and white silica
sand were emptied into one planter unit. A total of three planter units spaced 40 cm apart
were used to plant Palmer amaranth seed at a depth of 1.3 cm or less. Keeley et al. (1987)
reported the greatest percentage of Palmer amaranth seed emerged from a 1.3 cm depth
or less. Plots measured 2.3 by 7.6 m in size and included a 1.5 m buffer between
replications. The small plot weed seed planter was calibrated to disperse all seed packet
contents after one pass that measured 7.6 m. After emergence, Palmer amaranth were
thinned to allow 20 cm of space between individual plants. Due to inconsistent mixing of
Palmer amaranth seed and white silica sand, spacing between individual Palmer amaranth
plants occasionally exceeded 20 cm.
Palmer amaranth seed from each accession were planted in the field early-, mid-,
and late-season (Table 4.2). The early-season planting occurred on May 22, 2013 and
May 27, 2014. The mid-season planting on June 5, 2013 and June 6, 2014 and the lateseason planting on July 15, 2013 and July 18, 2014. Growing degree days (GDD’s) were
calculated using (Equation 1) 𝐺𝐷𝐷10 = (

𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 + 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒
2

)−

10 𝐶. [1]. This is a common metric used for measuring plant and insect development in
agronomic systems (Gilmore and Rogers 1958).

4.3.3 Weekly Data Collection
Palmer amaranth height and percent inflorescence emergence were recorded
weekly. A single plant representative of each plot was measured from the soil surface to
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the shoot apex or highest point of the reproductive structure, when reproductive
structures were present. Due to variation among growth within accessions, the same plant
was not measured each week. Inflorescence emergence was determined once
reproductive structures ascended 0.6 cm above the shoot apex. Plants with emerged
inflorescence were counted and divided by the total number of plants in the plot. After all
plants flowered and plant sex could be determined, female and male plants were counted.
Female plants were identified by spines located in bracts and rough inflorescence, in
contrast to male plants with soft inflorescence and spineless bracts (Bryson and DeFelice
2009).

4.3.4 Palmer amaranth Harvest
Above ground biomass was harvested on September 18, 2013 and September 13,
2014. Two female plants from the center row of each plot were clipped from the soil
surface, placed in separate paper bags, and stored in forced air dryers set at 40 C for 2
wk. Palmer amaranth planted early- and mid-season were harvested in 2013, while
Palmer amaranth planted early-, mid-, and late-season were harvested in 2014. After
drying, plant biomass was weighed and reproductive structures were hand threshed to
remove seed. After hand threshing, Palmer amaranth stems were discarded and floral
chaff were separated from seed using a vertical forced air column tube. Seed remaining at
the bottom of the forced air column tube were weighed. To determine total plant seed
production and number of seeds 0.1 g-1, a single subsample of pure seed weighing
approximately 0.1 g was quantified. The quantity of seeds extracted from the 0.1 g
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subsample was multiplied by total seed weight collected from each female plant to
calculate seed production.

4.3.5

Experimental Design and Statistical Analysis

The experimental design was a randomized complete block design, with four
replications conducted over two field seasons. Two factors were evaluated, planting date
with three levels (early-, mid-, and late-season) and accession with five levels (Arkansas,
Indiana, Mississippi, Missouri, and Nebraska). All data were checked for normality and
transformed when necessary and tested for appropriate interactions.
For growth regression analysis, only the late-season planting date was separated by
year. Three accessions planted late-season in 2013 could not be fit to the model.
However, years were combined within each planting for regression analysis for percent
inflorescence emergence. Non-linear regression analysis was conducted using a fourparameter logistic function (Equation 2) using SigmaPlot (SigmaPlot 12.5, Systat
Software Inc., San Jose, CA) that regressed plant height or percent inflorescence
emergence against cumulative GDD10 since planting. 𝑌 = 𝑐 + (𝑑 − 𝑐)/(1 +
𝑥

(𝐺𝐷𝐷 )(−𝑏) )). [2]. In this model, Y is plant height or percent inflorescence emergence;
50

GDD50 is the total amount of growing degree days accumulated since planting for Palmer
amaranth to grow to 50% of final height or inflorescence emergence, b is relative slope
around parameter GDD50; c is the lower limit considered as 0; and d is the estimated
maximum plant height or percent inflorescence emergence. Predicted estimate means of
maximum height, GDD50 to grow to 50% of final height, and GDD50 to 50%

87

inflorescence emergence found in Tables 4.3 and 4.4 were separated within planting date
at the 0.05 level of significance using the Bonferroni method (n = 10). Root mean square
error (RMSE) (Equation 3) and modelling efficiency coefficient (EF) (Equation 4) were
calculated to test goodness of fit for the logistic model, where Pi is the predicted value, Oi
̅𝑖 is the mean observed
is the observed value, n is the total number of observations, and 𝑂
1

1/2

value (Archontoulis and Miguez 2015). 𝑅𝑀𝑆𝐸 = [𝑛 ∑𝑛𝑖=1(𝑃𝑖 − 𝑂𝑖 )2 ]

[3] EF = 1 −

[∑𝑛𝑖=1(𝑂𝑖 − 𝑃𝑖 )2 / ∑𝑛𝑖=1(𝑂𝑖 − 𝑂̅𝑖 )2 ] [4]
Biomass and seed data were subjected to ANOVA using the PROC MIXED
procedure in SAS (version 9.3; SAS Institute; 100 SAS Campus Dr., Cary, NC 275132414). Means were separated using Tukey HSD at the 0.05 level of significance. Palmer
amaranth accession and planting date were considered fixed effects. Replication was
treated as a random effect. Data were separated by year because late-planted Palmer
amaranth biomass was not harvested in 2013.
Data for the observed number of male and female plants were compared with
predicted values (Equation 5) by subjecting data to Pearson’s chi-square tests to
determine if the proportion of male:female plants represents a 1:1 ratio. The following
equation was used for calculating expected male and female plants. 𝑌 =
0.5 (𝑚𝑎𝑙𝑒 𝑝𝑙𝑎𝑛𝑡𝑠 + 𝑓𝑒𝑚𝑎𝑙𝑒 𝑝𝑙𝑎𝑛𝑡𝑠). [5].
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4.4
4.4.1

Results and Discussion

Palmer amaranth Growth and Inflorescence Emergence

Palmer amaranth accessions collected from Arkansas, Indiana, Mississippi,
Missouri, and Nebraska survived and produced seed when seeded in northern Indiana. A
logistic regression model described (EF 0.95 to 0.99, RMSE 3.0 to 14.7) the relationship
between Palmer amaranth plant height and GDD’s as well as inflorescence emergence
and GDD’s (Tables 4.3 and 4.4). The RMSE value describes how well the data fit the
model. A RMSE value of zero suggests observed and predicted values are a perfect fit to
the model. Moreover, EF values close to 1 suggests that model predictions are more
accurate. Height of late-season planted Palmer amaranth accessions collected from
Arkansas, Indiana, and Missouri could not be described by the logistical function in 2013,
nonetheless, height increased as GDD’s accumulated (Figure 4.2). Growth and
inflorescence emergence varied between Palmer amaranth accessions.
The maximum plant height estimated by the model for early- and mid-season
planted Palmer amaranth from Mississippi was 252 and 243 cm, respectively (Table 4.3).
The estimated maximum height of early-season planted Palmer amaranth accessions from
Nebraska and Indiana were 11 to 13 and 20 to 22% shorter compared to Missouri and
Mississippi accessions, respectively. However, when these accessions were planted midand late-season in 2013, heights were similar among accessions from Mississippi and
Nebraska. The Mississippi accession was 23% taller than the Indiana accession when
planted mid-season, but heights were similar when planted late-season in 2014. Contrary
to results of early-season planted Palmer amaranth height, the Nebraska accession planted
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late-season in 2014, was 30 to 56% taller than Arkansas, Indiana, and Mississippi
accessions. It appears that plants from Mississippi are more competitive than plants from
Indiana when emergence occurs early- or mid-season, because plants from the
Mississippi accession were taller in height. Moreover, the average air temperature in
Greenville, MS in June is typically 2.6 C warmer than in Evansville, IN (Table 4.1). It is
possible that plants in the Mississippi accession that have adapted to warmer climates are
more competitive and devote more energy to biomass production when grown in northern
Indiana’s environment. However, when Palmer amaranth emerged late-season, the
Nebraska accession was taller than Arkansas, Indiana, and Mississippi accessions.
Variation among Palmer amaranth accessions has been reported in other studies when
grown in Arkansas. Bond and Oliver (2006) found that 33% of Arkansas accessions had
13% less leaf area ratio compared to accessions collected from Mississippi and Missouri.
Growing degree days for Palmer amaranth to grow to 50% of maximum plant
height estimated by the model generally decreased as Palmer amaranth accessions were
planted later in the season. Total GDD’s for early-, mid-, late-season 2013, and lateseason 2014 planted Palmer amaranth to grow to 50% of maximum height ranged from
698 to 853 GDD’s (155 GDD range), 665 to 784 (119 GGD range), 541 to 630 (89 GDD
range), and 383 to 402 GDD’s (19 GDD range), respectively (Table 4.3). A narrow range
of 1 to 19 GDD’s among Palmer amaranth accessions to grow to 50% of maximum
height suggests these accessions exhibit similar growth when planted late-season because
differences between accessions were not observed. Similarly, Palmer amaranth planted
mid-season (119 GDD range) exhibited similar growth among accessions at 50% of
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maximum height. However, a greater range of GDD’s (155) between accessions to grow
to 50% of maximum height, similar to that observed between Nebraska and Arkansas
accessions, may suggest a greater competitive ability is present in the Nebraska accession
when plants are established early-season. The regression analysis that described midseason Palmer amaranth growth to 50% of maximum height exhibited a growth rate of
0.14 to 0.17 cm GDD-1 (data not shown). These results agree with those previously
reported by Horak and Loughlin (2000), where Palmer amaranth planted mid-June grew
0.18 to 0.21 cm GDD-1 when measured at 100 and 87 cm, respectively.
Total GDD’s for Palmer amaranth to grow to 10, 20, and 30 cm in height varied
among accessions. The Arkansas accession planted early- or mid-season required up to
41 more GDD’s to grow to 10 cm than the Missouri accession (Table 4.5). This is
equivalent to nearly four days of growth when daily maximum and minimum air
temperatures are 27 and 16 C, respectively. Average daily June and July maximum and
minimum air temperatures of 27 and 16 C, respectively, are expected in early summer in
Lafayette, IN (Figure 4.1). Early-season planted Palmer amaranth accessions collected
from Indiana, Mississippi, Missouri, and Nebraska grew to 20 and 30 cm in height 53 to
89 GDD’s earlier than the Arkansas accession. Growing degree days for plants to grow to
20 cm were similar among Palmer amaranth accessions planted mid- and late-season in
2014. Palmer amaranth from Nebraska planted late-season in 2013 grew to 20 cm 13%
earlier than Palmer amaranth from Mississippi. When Palmer amaranth accessions were
planted mid-season, the Missouri accession grew to 30 cm 60 GDD’s earlier than the
Arkansas accession. The same trend was not observed in 2014 when the Missouri

91

accession was planted late-season. Results from these data suggest that accessions from
Indiana, Mississippi, Missouri, and Nebraska that emerge early-season must be controlled
soon after emergence. If a postemergence herbicide application is delayed, plants from
these accessions will grow beyond the labeled recommended height in a short period of
time. Moreover, Palmer amaranth that emerge late-season grew to 10 and 20 cm in height
at a similar pace and these accessions are to be controlled at the same time.
Inflorescence emergence occurred in all Palmer amaranth accessions and planting
dates in this study. Palmer amaranth planted early- and mid-season achieved 50%
inflorescence emergence no sooner than 536 and 489 GDD’s, respectively, after planting
(Table 4.4). Growing degree days to 50% inflorescence emergence ranged from 391 to
527 GDD for late-season planted Palmer amaranth. This is equivalent to 34 to 46 days of
daily maximum and minimum air temperatures of 27 and 16 C, respectively.
Producing seed for the next generation is essential for annual weeds to persist in
future growing seasons. At every planting date the Nebraska accession attained 50%
inflorescence emergence first (Figure 4.3 and Table 4.4). In fact, 50% inflorescence
emergence for early-, mid-, and late-season planting dates occurred 53, 46, and 70
GDD’s, respectively, earlier than the next closest accession (Indiana). Moreover,
predicted GDD’s to 25% inflorescence emergence for Nebraska planted early-, mid-, and
late-season occurred 25, 32, and 57 GDD’s, respectively, earlier than any other accession
(Table 4.5). A similar trend was also observed at 95% inflorescence emergence, where
Nebraska exhibited earlier inflorescence emergence than all other accessions planted
early- and late-season. It is important to consider that the 30 year average monthly air

92

temperature at Lincoln, NE and Lafayette, IN from May through September deviate no
more than 2 C between locations (Table 4.1). Moreover, both locations are similar in
latitude and may help explain why the Nebraska accession was more successful than
other accessions when grown in Lafayette, IN.
The change in GDD’s from 25 to 95% inflorescence emergence were similar
among Palmer amaranth accessions when planted mid- or late-season. However, when
Palmer amaranth were planted early-season, the change from 25 to 95% inflorescence
emergence occurred 103 to 162 GDD’s sooner with Nebraska compared to all other
accessions (Table 4.5). The difference in GDD’s from 25 to 95% inflorescence
emergence of late-season planted Palmer amaranth from Arkansas occurred in as few as
84 GDD’s or one week with daily maximum and minimum air temperatures of 27 and 16
C, respectively. Shiny black seed, indicative of mature Palmer amaranth seed, were
produced within 27 days of inflorescence emergence or 53 days after Palmer amaranth
were planted late-season (Table 4.2). These results agree with those previously reported
by Keeley et al. (1987), where Palmer amaranth planted on August 1 in California
produced seed within 42 days of planting. Bell and Tranel (2010) found that 9 days after
pollinating female common waterhemp plants in greenhouse conditions up to 12% of
harvested seed germinated.

4.4.2

Palmer amaranth Biomass and Seed Production

Biomass across Palmer amaranth accessions ranged from 184 to 531 and 126 to
252 g plant-1 in 2013 and 2014, respectively (Table 4.6). Sellers et al. (2003) reported
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Palmer amaranth biomass to exceed 800 g plant-1 at 14 wk after planting in late May in
Missouri. In our study, the Mississippi accession produced 189% more biomass plant-1
than the Nebraska accession in 2013. In 2014, accessions collected from Nebraska,
Missouri, and Mississippi produced 63, 90, and 100% more biomass plant-1 than Indiana.
Parameter estimates that predicted maximum Palmer amaranth height were lower for
Indiana and Nebraska accessions compared to Mississippi. Less biomass accumulation in
Nebraska in 2013 and Indiana in 2014, compared to Mississippi is likely attributed to
smaller plant heights (Table 4.3).
Palmer amaranth planted early-season weighed on average 75% more than Palmer
amaranth planted mid-season in 2013 (Table 4.6). In 2014, early- and mid-season planted
Palmer amaranth produced similar amounts of biomass. However, early- and mid-season
planted Palmer amaranth produced 164% or more biomass than late-season planted
Palmer amaranth.
An accession by planting date interaction was observed with number of seeds plant1

in 2014 (P = 0.0197). Palmer amaranth accessions from Indiana, Mississippi, Missouri,

and Nebraska that were planted late-season produced 92 to 99% less seed than those
accessions planted mid-season. However, the Arkansas accession planted mid and lateseason produced similar quantities of seed plant-1 (Table 4.6). In 2013, late-season
planted Palmer amaranth were not harvested because no mature seed were present at
harvest. However, mature seed were present on plants established late-season in 2014
(Table 4.2). Palmer amaranth planted late-season produced 47 to 7,443 seeds plant-1. A
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tetrazolium assay was not conducted to determine seed viability, however, it is likely a
portion of these seeds were viable at harvest and could germinate the following season.
Differences in accession main effect were observed in both years. In 2013, the
Indiana accession produced 209% more seed plant-1 than Arkansas (Table 4.6). In 2014,
Nebraska produced the most seed for a total of 61,933 seeds plant-1, which is equivalent
to 45 and 682% more seed production than Missouri and Arkansas accessions,
respectively. Planting date influenced the quantity of seeds plant-1. Palmer amaranth
planted early-season produced up to 113% more seed plant-1 than mid-season planted
Palmer amaranth in 2013. However, in 2014 seed production plant-1 for early- and midseason planted Palmer amaranth were similar. In 2014, seed production from late-season
planted Palmer amaranth was reduced by 95% compared to seed production of early- or
mid-season planted Palmer amaranth. No more than 2,370 seeds plant-1 were produced
when averaged across accessions that were planted late-season.
In 2014, an accession by planting date interaction influenced the number of seeds g1

(P = 0.0433). The number of seeds g-1 ranged from 2,596 to 3,991 across all accessions

and planting dates (Table 4.6). Seeds g-1 were similar between early-, mid-, and lateseason planted Palmer amaranth from Arkansas. The same trend was also observed with
accessions from Indiana, Mississippi, and Missouri, but not Nebraska. Palmer amaranth
from Nebraska planted late-season had 52% less seed g-1 than Nebraska Palmer amaranth
planted early- or mid-season.
Data from the accession main effect suggest that Palmer amaranth collected from
Arkansas had 28 and 16% fewer seeds g-1 than Palmer amaranth from Nebraska in 2013
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and 2014, respectively, suggesting that seeds produced by the Arkansas accession were
larger. Cidecydan and Malloch (1982) reported broadleaf dock (Rumex obtusifolius L.)
germinating from seeds larger than 1.4 mm compared to 1.2 to 1.0 mm seed produced
46% more biomass at 31 days after planting. It is possible that maternal genetic
background resulted in differences in seeds g-1 in our study because female plants were
likely pollinated by male plants from all accessions. The main effect planting date did not
influence seed g-1 in 2013 or 2014 between early- or mid-planted Palmer amaranth.
However, in 2014 11% fewer seeds g-1 were produced from late-season planted Palmer
amaranth compared to early- or mid-season plantings.

4.4.3

Frequency of Male and Female Palmer amaranth

Sex determination of late-season planted Palmer amaranth from Arkansas was not
achieved prior to biomass harvest in both years. We were also unable to identify male and
female plants from Mississippi in 2014 that were planted late-season. Results from the
chi-square analysis suggest that Palmer amaranth accessions from Nebraska planted
early-, mid-, or late-season and Arkansas planted early- or mid-season had an equal
distribution of male to female plants (Table 4.7). This result agrees with previous
research by Keeley et al. (1987) where male to female plants were observed at a 1:1 ratio.
However, late-season planted Palmer amaranth accessions from Indiana and Mississippi
had 20 and 40%, respectively, more male plants than female plants (Table 4.7). When all
planting dates were combined, the Mississippi accession had more male plants than
female plants. The Missouri accession was the only accession not to have an equal
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distribution of male to female plants when Palmer amaranth were planted mid-season.
This accession had 23% more male plants than female plants. When Palmer amaranth
were planted early-season, there was an equal distribution of male to female plants in all
accessions. A trend of more male than female plants observed in accessions from Indiana,
Mississippi, and Missouri that emerged mid- or late-season, may suggest there is less
potential for seedbank increase when plants are not controlled. However, it is important
to consider that Palmer amaranth emergence by mid-July has the potential to produce as
much as 7,443 seeds plant-1 at 8 wk after planting.

4.4.4

Environmental Implications

Results from this study show that Palmer amaranth seed introduced to northern
Indiana from Nebraska can induce inflorescence emergence earlier and produce more
seeds plant-1 than other accessions, while maintaining a high growth rate. Precipitation
accumulation and mean temperature between locations where Palmer amaranth seed were
collected from differed by as much as 90 mm and 5.6 C from May through September.
For example, mean 30-yr precipitation accumulation from May through September in
Chamois, MO was 561 mm, compared to 471 mm in Lincoln, NE and May mean air
temperature in Greenville, MS was 22.5 C compared to 16.9 C in Lincoln, NE. However,
the environment in which the Nebraska accession existed resembles that of Lafayette, IN
for the 30-yr monthly air temperature from May through September more closely than
other environments where Palmer amaranth seed was collected.
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The Palmer amaranth accession collected from Mississippi has evolved in an
environment where monthly mean air temperatures exceed that of other locations where
Palmer amaranth was collected from in this study. Adaptation to an environment with
high temperatures and introduced to an environment with cooler average temperatures
may have attributed to plants from Mississippi being among the tallest plants in this
study. Griffith and Watson (2006) reported cocklebur (Xanthium strumarium L.)
accessions collected from central Indiana and Isabella Co, MI that were planted further
north in Chatham, MI in a common garden experiment were mostly similar or larger in
height and produced more primary branches than the same plants grown in their native
environment. However, frost prevented cocklebur accessions from central Indiana and
Isabella Co, MI from producing seeds. In a different study by Andersen et al. (1985),
velvetleaf (Abutilon theophrasti Medik.) accessions collected north of Kelley, IA that
were established in Rosemount, MN measured 14% shorter and matured 16 days earlier
than accessions collected south of Lincoln, NE when planted early-season. In the same
study, late-season planted accessions from the south were terminated by frost prior to
seed production. In Lafayette, IN a 50% probability for air temperatures to dip below 0 C
occurs from October 10-15th. If Palmer amaranth can produce mature seed 53 days after
planting as was observed in this study, it is unlikely that seed will be produced before the
first frost if emergence occurs by early September. Palmer amaranth introduced to
Twelve Mile, IN 5 to 8 years ago from an unknown location has been observed to emerge
as late as early October (Personal observation). It is likely that reproductive traits for
rapid reproduction have been selected for in the Twelve Mile, IN accession when
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emergence occurs late-season. Lafayette, IN and Lincoln, NE are located at similar
latitudes, meaning that these two locations are exposed to similar day lengths. Therefore,
Palmer amaranth that has adapted to Lafayette’s climate will likely initiate reproductive
structures at similar times as accessions from Lincoln, NE.
In conclusion, we reject the null hypothesis that Palmer amaranth accessions
exhibit similar growth rates and inflorescence emergence. The Arkansas accession seems
to be less competitive in growth compared to the Indiana, Mississippi, Missouri, and
Nebraska accessions due to more GDD’s needed to attain 50% maximum height.
However, the Arkansas accession does appear to produce larger seeds than other
accessions. Cidecydan and Malloch (1982) reported broadleaf dock germinating from
larger seeds demonstrated rapid early-season biomass production, but over an entire
growing season biomass was similar among all seed sizes. Palmer amaranth seed size at
planting was not measured in this study. If harvested Palmer amaranth seed were similar
in size to the parent, our data would suggest that larger seed size does not increase
competitive ability. Accessions collected from Indiana, Mississippi, Missouri, and
Nebraska may exceed the labeled plant height recommendation for postemergence
herbicide application earlier than the Arkansas accession. Glyphosate and fomesafen are
two herbicides labeled for postemergence control of Palmer amaranth in GR soybean.
The herbicide label for those products indicate Palmer amaranth control is most
successful when plants are treated at 15 cm in height or less (Anonymous 2016). Lateseason Palmer amaranth growth to 10 or 20 cm were similar among accessions in 2014.
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Therefore, all Palmer amaranth accessions emerging late-season need to be controlled
shortly after emergence or before emergence with preemergence herbicides.
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Table 4.1: Collection locations of Palmer amaranth accessions and monthly air temperature and precipitation means.
30-yr weather means
a
Air temperature
Precipitation
Latitude Longitude Elev May June July Aug Sept May June July Aug Sept Totalc
Accession
°N
°W
m
──────── C ────────
────────── mm ──────────
sourceb
Fayetteville,
36.05989 94.16237
387 18.9 23.6 26.1 25.8 21.1
132 121
82
77
116
528
AR
Evansville, IN 37.97499 87.57399
118 18.9 23.9 25.5 24.7 20.5
136
96
100 76
77
485
Chamois, MO
38.67501 91.76959
164 18.0 23.0 25.5 25.0 20.3
131 112 109 103 106
561
Greenville, MS 33.39772 91.03798
40
22.5 26.5 28.3 27.5 24.2
135 115 100 56
70
476
Lincoln, NE
40.82230 96.68489
358 16.9 22.5 25.3 24.2 18.9
109 110
86
89
77
471
Lafayette, IN
40.29871 86.90144
211 16.7 21.7 23.3 22.2 18.6
118 116 104 100
71
509
a
Abbreviations: Aug, August; Elev, elevation; Sept, September.
b
Seed were provided by weed science colleagues from each location. Approximately 20 to 30 female plants were collected
from each location to represent an accession.
c
Average cumulative rainfall from May through September. Lafayette, IN was included for reference.
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Table 4.2: Date of planting, seedling emergence, inflorescence emergence, seed maturation, and biomass harvest of five Palmer
amaranth accessions at three planting dates in a field study conducted in northern Indiana.
2013
2014
Palmer amaranth
Early-season
Mid-season
Late-season
Early-season
Mid-season
Late-season
─────────────────────────── Date ───────────────────────────
Planting
May 22
June 5
July 15
May 27
June 6
July 18
Seedling
emergencea-c
June 6
June 11
August 1
June 5
June 11
July 26
Inflorescence
emergenced
July 2
July 10
August 14
June 24
July 1
August 13
e
Seed maturation
August 23
September 1
────
August 13
August 18
September 9
f
Biomass harvest
September 18 September 18
────
September 13
September 13
September 13
a
Date of first observed early-season seedling emergence. Accessions emerged no later than June 10 and June 7 2013 and
2014, respectively.
b
Date of first observed mid-season seedling emergence. Accessions emerged no later than June 14 in 2013 and 2014.
c
Date of first observed late-season seedling emergence. All accessions emerged on August 1, 2013 and all accessions
emerged no later than July 30, 2014.
d
Inflorescence emergence was determined once reproductive structures emerged 0.6 cm above the apical meristem. Date
recorded is when inflorescence emergence was first observed within each planting.
e
Date of seed maturation was determined when seed appeared black and shiny. Mature seed were not observed at time of
harvest in 2013 when Palmer amaranth were planted late-season.
f
Palmer amaranth planted late-season were not harvested in 2013.
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Table 4.3: Parameter estimates and the goodness of fit (RMSE and EF)a of the four-parameter logistic functionb fitted to height
of five Palmer amaranth accessions at three planting dates in a field study conducted in northern Indiana.
Accession
bc
cc
dcd
GDD50cd
RMSEe
EF
─────── cm ───────
─────────────────────────── Early-season───────────────────────────
Arkansas
4.8 ± 0.47
4.1 ± 2.9
216 ± 12 ab
853 ± 23 a
12.0
0.98
Indiana
4.3 ± 0.36
1.2 ± 2.9
196 ± 8 b
767 ± 18 bc
10.2
0.99
Mississippi
4.1 ± 0.34
1.3 ± 3.5
252 ± 12 a
792 ± 21 ab
12.2
0.99
Missouri
4.2 ± 0.36
1.3 ± 3.0
225 ± 10 a
782 ± 21 bc
11.9
0.98
Nebraska
4.6 ± 0.37
0.5 ± 3.3
201 ± 6 b
698 ± 13 c
11.5
0.99
─────────────────────────── Mid-season ───────────────────────────
Arkansas
4.2 ± 0.41
4.9 ± 2.3
223 ± 15 ab
784 ± 30 a
11.1
0.98
Indiana
4.0 ± 0.37
3.6 ± 2.6
198 ± 10 b
674 ± 20 a
11.1
0.98
Mississippi
4.4 ± 0.35
4.6 ± 2.4
243 ± 11 a
720 ± 18 a
11.4
0.99
Missouri
3.9 ± 0.40
3.0 ± 3.2
236 ± 14 ab
713 ± 26 a
13.4
0.98
Nebraska
5.0 ± 0.52
5.1 ± 3.0
207 ± 9 ab
665 ± 16 a
14.7
0.98
f
───────────────────────── Late-season 2013 ─────────────────────────
Arkansas
─────
─────
─────
──────
──
──
Indiana
─────
─────
─────
──────
──
──
Mississippi
5.6 ± 2.50
0.7 ± 2.9
168 ± 99 a
630 ± 151 a
7.4
0.97
Missouri
─────
─────
─────
──────
──
──
Nebraska
5.7 ± 0.58
0.5 ± 1.2
146 ± 9 a
541 ± 16 a
3.0
0.99
───────────────────────── Late-season 2014 ─────────────────────────
Arkansas
9.7 ± 1.1
1.4 ± 1.5
96 ± 3 c
402 ± 7 a
5.2
0.98
Indiana
10.2 ± 2.0
1.8 ± 3.0
112 ± 6 c
401 ± 11 a
10.1
0.96
Mississippi
10.8 ± 2.4
1.9 ± 3.4
115 ± 7 bc
401 ± 12 a
11.6
0.95
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Missouri
Nebraska

9.9 ± 1.1
10.1 ± 1.2

2.3 ± 2.3
3.0 ± 2.7

133 ± 5 ab
150 ± 5 a

388 ± 7 a
383 ± 7 a

7.8
9.2

0.98
0.98

a

Abbreviations: EF, modelling efficiency coefficient; GDD, growing degree days; RMSE, root mean square error.
Y = c + (d - c) / [1 + (x / (GDD50)^-b], where Y is Palmer amaranth height, GDD50 is the accumulated growing degree days
since planting that resulted in 50% of maximum plant height, b is the slope of the regression line at GDD50, c is the minimum
height, and d is the maximum height.
c
Values are mean ± SE.
d
Means ± SE within a column and within early-, mid-, or late-season planting followed by the same letter are not
significantly different at the 0.05 probability level as determine by Bonferroni (n =10).
e
Smaller RMSE values indicate predicted values are closer to observed values.
f
The four-parameter logistic function did not fit the growth of late-season planted accessions from Arkansas, Indiana, and
Missouri in 2013.
b
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Table 4.4: Parameter estimates and the goodness of fit (RMSE and EF)a of the four-parameter logistic functionb fitted to
inflorescence emergence of five Palmer amaranth accessions at three planting dates in a field study conducted in northern
Indiana.
Accession
bc
cc
dc
GDD50cd
RMSEe
EF
──────── % ────────
──────────────────────────── Early-season ───────────────────────────
Arkansas
7.7 ± 0.7
0.7 ± 1.7
104 ± 2.4
687 ± 10 a
8.5
0.98
Indiana
8.9 ± 0.9
-1.8 ± 1.9
101 ± 1.8
589 ± 8 b
8.9
0.98
Mississippi
8.6 ± 0.7
-1.3 ± 1.6
101 ± 1.6
600 ± 7 b
7.7
0.98
Missouri
8.5 ± 0.6
-0.4 ± 1.2
103 ± 1.5
680 ± 6 a
6.0
0.99
Nebraska
13.1 ± 1.3
-1.1 ± 1.5
99 ± 1.1
536 ± 4 c
6.9
0.99
──────────────────────────── Mid-season ────────────────────────────
Arkansas
12.3 ± 2.0
3.5 ± 1.9
101 ± 2.6
637 ± 8 a
11.1
0.96
Indiana
6.5 ± 1.0
-0.1 ± 2.8
104 ± 3.6
535 ± 14 b
13.5
0.96
Mississippi
7.5 ± 0.9
1.0 ± 2.0
104 ± 2.8
582 ± 10 b
10.2
0.97
Missouri
10.9 ± 1.2
1.6 ± 1.4
102 ± 1.9
625 ± 6 a
8.0
0.98
Nebraska
6.9 ± 0.6
-0.8 ± 1.6
102 ± 1.7
489 ± 7 c
7.4
0.98
──────────────────────────── Late-season ────────────────────────────
Arkansas
27.8 ± 2.7
3.1 ± 0.9
100 ± 1.9
527 ± 2 a
5.1
0.98
Indiana
10.0 ± 1.9
-0.5 ± 2.5
104 ± 5.5
461 ± 10 b
11.1
0.95
Mississippi
15.0 ± 2.0
0.8 ± 1.2
104 ± 3.2
526 ± 4 a
6.1
0.98
Missouri
9.6 ± 1.7
-0.6 ± 2.3
105 ± 5.2
465 ± 9 b
9.9
0.97
Nebraska
11.2 ± 1.9
2.9 ± 2.5
103 ± 3.4
391 ± 8 c
10.5
0.97
a
Abbreviations: EF, modelling efficiency coefficient; GDD, growing degree days; RMSE, root mean square error.
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b

Y = c + (d - c) / [1 + (x / (GDD50)^-b], where Y is Palmer amaranth percent inflorescence emergence, GDD50 is the
accumulated growing degree days since planting that resulted in 50% of inflorescence emergence, b is the slope of the
regression line at GDD50, c is the minimum inflorescence emergence, and d is the maximum inflorescence emergence.
c
Values are mean ± SE.
d
Means ± SE within a column and within early-, mid-, or late-season planting followed by the same letter are not
significantly different at the 0.05 probability level as determine by Bonferroni (n =10).
e
Smaller RMSE values indicate predicted values are closer to observed values.
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Table 4.5: Predicted quantity of growing degree day’s (GDD’s) for plants to grow to 10 cm (GDD10cm), 20 cm (GDD20cm), 30 cm
(GDD30cm) in height and proportion of the accession to attain 25% (GDD25%) and 95% (GDD95%) inflorescence emergence using
the four-parameter logistic function.a
Heightb
Inflorescence emergenceb
∆ in GDD25%
Accession
GDD10 cm
GDD20 cm
GDD30 cm
GDD25%
GDD95%
to GDD95%
──────── Early-season ────────
───────── Early-season ─────────
Arkansas
405 a
507 a
568 a
590 a
928 a
338 a
Indiana
374 ab
454 b
509 b
526 b
805 c
279 a
Mississippi
354 b
431 b
483 b
533 b
821 bc
288 a
Missouri
368 b
443 b
496 b
597 a
911 ab
314 a
Nebraska
366 b
433 b
479 b
501 c
677 d
176 b
P value
0.0037
0.0001
<0.0001
<0.0001
<0.0001
0.0011
───────── Mid-season ─────────
───────── Mid-season ─────────
Arkansas
322 a
425 a
485 a
572 a
799 a
227 a
Indiana
291 ab
375 a
428 ab
453 ab
760 ab
307 a
Mississippi
306 ab
394 a
445 ab
502 b
786 ab
284 a
Missouri
281 b
372 a
425 b
560 a
790 a
230 a
Nebraska
327 a
415 a
462 ab
421 c
709 b
288 a
P value
0.0159
0.0585
0.0357
<0.0001
0.0225
0.0834
c
─────── Late-season 2013 ───────
───────── Late-season ──────────
Arkansas
───
───
───
503 a
587 a
84 a
Indiana
───
───
───
420 b
570 a
150 a
Mississippi
382 a
441 a
482 a
484 a
616 a
132 a
Missouri
───
───
───
420 b
578 a
158 a
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Nebraska
P value

340 b
390 b
426 a
363 c
481 b
118 a
0.0206
0.0442
0.0518
<0.0001
0.0002
0.1724
─────── Late-season 2014 ───────
Arkansas
302 a
339 a
367 a
Indiana
307 a
336 a
357 ab
Mississippi
312 a
342 a
362 ab
Missouri
294 a
322 a
339 ab
Nebraska
286 a
312 a
328 b
P value
0.5022
0.1366
0.0373
a
Y = c + (d - c) / [1 + (x / (GDD50)^-b], where Y is Palmer amaranth height or percent inflorescence emergence, GDD50 is the
accumulated growing degree days since planting that resulted in 50% of maximum plant height or inflorescence emergence, b is
the slope of the regression line at GDD50, c is the minimum height or percent inflorescence emergence, and d is the maximum
height or inflorescence emergence.
b
Means within a column and within early-, mid-, or late-season planting followed by the same letter are not significantly
different at the 0.05 probability level as determine by Tukey HSD.
c
The four-parameter logistic function did not fit the growth of late-season planted accessions from Arkansas, Indiana, and
Missouri in 2013.
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Table 4.6: Palmer amaranth biomass and seed production of five Palmer amaranth accessions established at three planting dates
in a field study conducted in northern Indiana.
Palmer amaranth
ab
Biomass
Seed productiona
Accession
2013
2014
2013
2014
2013
2014
-1
-1
c
-1
──── g plant ────
───── Seeds plant ─────
────── Seeds g ──────
Arkansas
Indiana
Mississippi
Missouri
Nebraska
P value

398 ab
344 ab
531 a
414 ab
184 b
0.027

139 ab
126 b
252 a
240 a
206 a
0.0016

15,663 b
48,412 a
32,708 ab
24,093 ab
31,941 ab
0.0089

7,918 c
30,580 b
23,176 b
42,642 b
61,933 a
<0.0001

2,193 b
2,709 ab
2,389 b
2,619 ab
3,036 a
0.0006

2,932 c
3,741 a
3,195 bc
3,570 ab
3,480 ab
0.0002

Planting
Early-season
Mid-season
Late-seasond
P value

477 a
272 b
───
0.0015

258 a
232 a
88 b
<0.0001

41,584 a
19,543 b
───
0.0004

48,392 a
48,989 a
2,370 b
<0.0001

2,560 a
2,618 a
───
0.6221

3,553 a
3,491 a
3,107 b
0.0047

Accession*planting
Arkansas*early
Arkansas*mid
Arkansas*lated
Indiana*early

481 ab
320 ab
───
438 ab

193 ab
142 a-c
81 bc
158 a-c

19,068 b
12,259 b
───
75,588 a

19,090 c-f
4,619 e-g
47 g
49,701 a-c

2,223 ab
2,163 b
───
2,555 ab

3,275 a-c
2,862 bc
2,659 c
3,798 ab
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Indiana*mid
250 ab
162 a-c
21,237 b
38,962 a-d
2,862 ab
3,646 a-c
d
Indiana*late
───
58 c
───
3,078 fg
───
3,779 ab
Mississippi*early
737 a
417 a
44,397 ab
42,226 a-c
2,389 ab
3,255 a-c
Mississippi*mid
326 ab
263 a
21,019 b
27,080 b-e
2,388 ab
3,268 a-c
d
Mississippi*late
───
77 bc
───
266 g
───
3,062 a-c
Missouri*early
502 ab
278 a
34,600 ab
47,349 a-c
2,565 ab
3,586 a-c
Missouri*mid
326 ab
366 a
13,587 b
79,523 ab
2,672 ab
3,687 a-c
d
Missouri*late
───
76 bc
───
1,056 fg
───
3,438 a-c
Nebraska*early
231 ab
242 ab
34,266 ab
83,598 a
3,066 a
3,852 ab
Nebraska*mid
135 b
230 a
29,616 ab
94,759 a
3,007 a
3,991 a
d
Nebraska*late
───
146 a-c
───
7,443 d-g
───
2,596 c
P value
0.9855
0.1336
0.1784
0.0197
0.8524
0.0433
a
Means within a column followed by the same letter are not statistically different at the 0.05 probability level as determine by
Tukey HSD.
b
Data were log transformed and backtransformed for presentation.
c
Data were square-root transformed and backtransformed for presentation.
d
Late-season planting was not harvested in 2013.
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Table 4.7: Pearson’s chi-square analysis of male and female Palmer amaranth frequency.
Observed
Expected
Accession
Planting
Male
Female
Total
Male
Female
χ2c
Arkansas
Early
203
187
390
195
195
0.65
Mid
240
208
448
224
224
2.28
a
Late
──
──
──
──
──
──
Combined
443
395
838
419
419
2.74
Indiana
Early
148
169
317
158
158
1.39
Mid
224
229
453
226
226
0.05
Late
182
145
327
163
163
4.18
Combined
554
543
1,097
548
548
0.11
Mississippi
Early
163
132
295
147
147
3.25
Mid
185
189
347
187
187
0.04
b
Late
140
84
224
112
112
14.0
Combined
488
405
893
446
446
7.71
Missouri
Early
164
138
302
151
151
2.23
Mid
191
147
338
169
169
5.72
Late
160
181
341
170
170
1.29
Combined
515
466
981
490
490
2.44
Nebraska
Early
211
230
441
220
220
0.81
Mid
285
248
533
266
266
2.56
Late
224
207
431
215
215
0.67
Combined
720
685
1,405
702
702
0.87
a
Male and female reproductive structures were unable to be identified at time of Palmer amaranth harvest.

P value
0.4178
0.1305
───
0.0972
0.2382
0.8142
0.0407
0.7398
0.0710
0.8361
0.0002
0.0055
0.1346
0.0167
0.2554
0.1177
0.3656
0.1090
0.4129
0.3504
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b

Chi-square analysis does not include data from the 2014 late-season planting due to unidentifiable male and female
reproductive structures.
c
Chi-square value greater than 3.841 suggests that there was not a 1:1 ratio of male:female Palmer amaranth plants.
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Figure 4.1: Precipitation (bars) and minimum (dotted line), average (dashed line), and
maximum (solid line) air temperature at Throckmorton Purdue Agricultural Center in
2013 and 2014. Weather data can be accessed at (www.iclimate.org).
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Figure 4.2: Influence of planting date on Palmer amaranth height (a) early-season
planting, (b) mid-season planting, (c) late-season planting 2013, (d) late-season planting
2014. Parameter estimates are provided in Table 4.3. Symbols represent the mean of four
experimental replicates. Years were combined for early (a) and (b) mid-season plantings
and years are presented separately for the late-season planting (c) 2013 and (d) 2014.
Growing degree day 0 represents the time of Palmer amaranth planting.
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Figure 4.3: Influence of planting date on Palmer amaranth percent inflorescence
emergence (a) early-season planting, (b) mid-season planting, and (c) late-season
planting. Parameter estimates are provided in Table 4.4. Symbols represent the mean of
four experimental replicates. Years were combined for early-, mid-, and late-season
planting dates. Growing degree day 0 represents the time of Palmer amaranth planting.
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CHAPTER 5. PALMER AMARANTH (AMARANTHUS PALMERI) CONTROL WITH
PREPLANT HERBICIDE PROGRAMS CONTAINING DICAMBA,
ISOXAFLUTOLE, AND 2,4-D

5.1

Abstract

Glyphosate-resistant (GR) Palmer amaranth (Amaranthus palmeri S. Wats.)
prevalence in Midwest soybean (Glycine max L.) production has increased in recent
years. New soybean herbicide-resistant traits will be important management tools for
herbicide-resistant weeds. The objectives of this research were to evaluate preemergence
(PRE) herbicide treatments that contain dicamba, isoxaflutole, metribuzin, S-metolachlor,
and 2,4-D for GR Palmer amaranth control. Herbicide programs that contained
isoxaflutole provided 58 to 95% control compared with 41 to 85% control by 2,4-D or
dicamba. Control of GR Palmer amaranth with mixtures containing dicamba ranged from
71 to 85% compared to 41 to 53% control with mixtures of 2,4-D. Treatments containing
one herbicide mode of action (MOA) failed to provide more than 57 and 50% GR Palmer
amaranth control at 21 and 42 days after the preemergence treatment (DAPT),
respectively. A mixture that contained three herbicide MOA (metribuzin plus Smetolachlor mixed with dicamba, isoxaflutole, or 2,4-D) controlled GR Palmer amaranth
83 to 86% compared to a treatment with a single MOA that provided 31 to 50% control.
Co-application of metribuzin with dicamba, isoxaflutole, or 2,4-D resulted in 67 to 72%
control, while mixtures of S-metolachlor with dicamba, isoxaflutole, or 2,4-D provided
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63 to 91% GR Palmer amaranth control. In most instances mixtures with two MOA
resulted in GR Palmer amaranth control that was similar to mixtures with three MOA at
42 DAPT.
Nomenclature: 2,4-D; dicamba; isoxaflutole; metribuzin; Palmer amaranth, Amaranthus
palmeri; S-metolachlor; soybean, Glycine max L. (Merr).
Abbreviations: ALS, acetolactate synthase; DAPT, days after PRE treatment; GR,
glyphosate-resistant; MOA, mode of action.
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5.2

Introduction

Palmer amaranth infesting areas outside its native region was documented as early
as 1915 in Virginia (Sauer, 1957). Palmer amaranth seed can be spread by contaminated
agricultural machinery, wind, livestock waste, irrigation water, birds, and mammals
(Costea et al., 2004; Menges, 1987; Norsworthy et al., 2009). Palmer amaranth has been
especially problematic in geographies dominated by cotton (Gossypium hirsutum L.),
soybean [Glycine max (L.) Merr.], and specialty crop production (Grey et al., 2014;
Norsworthy, 2003; Sosnoskie and Culpepper, 2014; Webster and Nichols, 2012).
Reduced tillage areas are susceptible to small-seeded weeds like Palmer amaranth due to
seedling emergence occurring near the soil surface (Norsworthy, 2008). A single female
plant can produce more than 200,000 seeds/plant without crop competition and will
replenish the soil seedbank rapidly if left uncontrolled (Keeley et al., 1987; Webster and
Grey, 2015). Due to high seed production and herbicide-resistance researchers suggest a
“zero tolerance” approach for management of Palmer amaranth (Norsworthy et al., 2014).
The first documented case of Palmer amaranth resistance occurred in cotton
production in 1989 where microtubule-inhibiting herbicides were applied continuously
for 24 years (Gossett et al., 1992). Palmer amaranth populations resistant to acetolactate
synthase (ALS), photosystem II, 5-enolpyruvyl-shikimate-3-phosphate synthase
(EPSPS), and most recently 4-hydroxyphenylpyruvate dioxygenase (HPPD) inhibiting
herbicides have also been documented (Burgos et al., 2001; Culpepper et al., 2006; Horak
and Peterson, 1995; Jhala et al., 2014; Peterson, 1999; Sprague et al., 1997). Herbicide
resistance in previous years was of less concern because herbicides targeting new sites of
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action were released frequently (Duke, 2012; Heap, 2014). The last herbicide introduced
to the marketplace was discovered in 1982 and inhibits HPPD (Michaely and Kratz,
1986).
Soybean that are resistant to dicamba, isoxaflutole, or 2,4-D are expected to be
commercially released in the very near future. Management strategies to extend the
longevity of these new technologies following commercialization will need to be
implemented differently than management strategies used with GR crops (Green and
Owen, 2011). In 2014, 94% of US soybean acres planted contained a herbicide-tolerant
trait (USDA, 2014a). The number of herbicide sites of action applied to US soybean acres
declined from 1995 to 2004 (Young, 2004). More than 50 million acres of soybean were
treated with glyphosate in 2006; mixing herbicides with different MOA, herbicide
applications made to small weeds, proper sprayer calibration, and a diversity of cultural
practices are components for stewarding current and future herbicide-resistant
technologies (Beckie and Reboud, 2009; Sammons et al., 2007; Schuster et al., 2007;
USDA, 2014b).
A few studies have been published regarding management of GR weed species in
dicamba and 2,4-D-resistant cropping systems (Barnett et al., 2013; Byker et al., 2013;
Craigmyle et al., 2013a, 2013b; Johnson et al., 2010; Merchant et al., 2014; Spaunhorst et
al., 2014). Many of these studies focus on control of GR giant ragweed (Ambrosia trifida
L.), horseweed [Conyza canadensis (L.) Cronq.], and common waterhemp (Amaranthus
rudis Sauer). Therefore, the objectives of this research were to evaluate the efficacy of
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herbicides which will be used in new herbicide-resistant traited soybean applied alone
and in mixtures with metribuzin and S-metolachlor for GR Palmer amaranth control.

5.3

Materials and Methods

5.3.1

Site Description

A field trial without crops (bareground) was conducted during summers of 2013
and 2014 in Twelve Mile, Indiana (40.877347, -86.206042). The soil was a Bloomfield
loamy fine sand (sandy, mixed, mesic Lamellic Hapludalfs) with 2.1% organic matter
and a soil pH of 6.9 in 2013 and 1.9% organic matter with a soil pH of 6.5 in 2014. On
May 13, 2013 and May 1, 2014, PRE treatments were applied following conventional
tillage and included single and multiple herbicide combinations listed in Table 2. The
study was arranged in a randomized complete block design with four replications.
Individual plots measured 10 by 30 ft in size. Treatments were applied with a CO2pressurized backpack sprayer equipped with XR11002 flat-fan nozzles (TeeJet®,
Spraying Systems Co., P.O. Box 7900, Wheaton, IL. 60187) spaced 15 inches apart and
calibrated to deliver 15 gal/acre at 21 psi. A non-treated control was included for
comparison. Monthly rainfall totals and average monthly air temperatures for each year
are presented in Table 5.1.

5.3.2

Treatment Evaluation and Data Collection

Palmer amaranth control, height, and leaves/plant were recorded at 21 and 42
DAPT. Visually assessed GR Palmer amaranth control was evaluated on a scale of 0 to
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100, where 0 represents no plant death and 100 was equal to complete plant death. The
whole plot area was used to determine visual control ratings. In addition, an 11 ft2 area
within each treatment was established at trial initiation to determine plant height and
leaves/plant. A single representative plant from within the 11 ft2 area was measured from
the soil surface to the apical meristem. All leaves from the plant were counted. Within the
11 ft2 area, Palmer amaranth above ground biomass was harvested 42 DAPT by clipping
all Palmer amaranth plants at the soil surface. Harvested plant material was stored in
forced air dryers set at 100 °F for 1 wk and dry weights were recorded.

5.3.3

Statistical Analysis

Data for plant height, number of leaves, biomass, and control were subjected to
analysis of variance (ANOVA) using the PROC MIXED procedure in SAS (Statistical
Analysis Systems, version 9.3, SAS Institute, Inc., Cary, NC). Herbicide treatments were
considered fixed effects, whereas year and replication were considered random effects.
Data were tested for normality using the PROC UNIVARIATE procedure. Visually
assessed Palmer amaranth control data were arcsine square-root transformed before
analysis; however back transformed data are presented. Plant height, leaf, and biomass
data were either log or square-root transformed. Contrast comparisons between PRE
treatments represent an orthogonal contrast. Pair-wise comparisons were conducted
between PRE herbicide treatments to determine if significant differences exist among
PRE herbicide treatments that contain one, two, or three herbicide MOA. Orthogonal
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contrasts were also made to compare dicamba, isoxaflutole, and 2,4-D treatments applied
alone or mixed with metribuzin, S-metolachlor, and metribuzin plus S-metolachlor.

5.4

Results and Discussion

Treatments containing one herbicide MOA failed to provide more than 57 and 50%
GR Palmer amaranth control at 21 and 42 DAPT, respectively (Tables 5.5 and 5.7).
When three herbicide MOA were mixed, control of GR Palmer amaranth ranged from 73
to 97% and 83 to 86% at 21 and 42 DAPT, respectively. Furthermore at 42 DAPT,
treatments with three herbicide MOA produced 5 to 59 leaves and 0.0004 to 0.03 lb of
GR Palmer amaranth biomass per plant compared to treatments with a single MOA that
produced 8 to 140 leaves and 0.0035 to 0.36 lb of GR Palmer amaranth biomass per plant
(Tables 5.7 and 5.9). Results from these data suggest that unsatisfactory GR Palmer
amaranth control is achieved with single MOA treatments applied PRE compared to
treatments mixed with three MOA. Treatments mixed with three MOA (metribuzin plus
S-metolachlor plus dicamba, isoxaflutole, or 2,4-D) resulted in 23% greater GR Palmer
amaranth control, plants that were 8 inches smaller, and accumulated 0.27 lb less biomass
per plant than treatments mixed with two MOA (S-metolachlor plus dicamba,
isoxaflutole, or 2,4-D) at 42 DAPT in 2013. However, in 2014 GR Palmer amaranth
control, height, and biomass were similar among treatments mixed with three MOA
(metribuzin plus S-metolachlor plus dicamba, isoxaflutole, or 2,4-D) compared to
treatments mixed with two MOA (S-metolachlor plus dicamba, isoxaflutole, or 2,4-D) at
42 DAPT (Tables 5.7 and 5.9). In fact, treatments mixed with two MOA (S-metolachlor
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plus dicamba, isoxaflutole, or 2,4-D) produced 3 fewer leaves/plant compared to
treatments with three MOA at 42 DAPT in 2014.
In 2014, mixing three MOA (metribuzin plus S-metolachlor plus dicamba,
isoxaflutole, or 2,4-D) resulted in 0.0003 lb less biomass accumulation than treatments
mixed with two MOA (metribuzin plus dicamba, isoxaflutole, or 2,4-D) at 42 DAPT.
Differences in GR Palmer amaranth control, height, leaves/plant, and biomass were not
observed in 2013 among treatments with three MOA compared to treatments with two
MOA (metribuzin plus dicamba, isoxaflutole, or 2,4-D) (Tables 5.7 and 5.9). Results
from this data suggests that herbicide mixtures that inhibit two MOA provide similar
PRE control of GR Palmer amaranth as mixing three herbicide MOA at 42 DAPT.
However, GR Palmer amaranth control in 2013 was 11 and 25% less with PRE
treatments mixed with metribuzin plus dicamba, isoxaflutole, or 2,4-D and S-metolachlor
plus dicamba, isoxaflutole, or 2,4-D, respectively, compared to treatments mixed with
three MOA at 21 DAPT (Table 5.5). Results from data collected at 21 DAPT further
supports the conclusion that mixtures with three MOA provide similar PRE control of
GR Palmer amaranth as mixtures with two MOA where metribuzin or S-metolachlor is
mixed with dicamba, isoxaflutole, or 2,4-D.
A combination of dicamba, isoxaflutole, or 2,4-D with metribuzin resulted in 72%
GR Palmer amaranth control and plants that measured 8.7 inches tall compared to 31%
control and 19.3 inch tall plants with treatments of dicamba, isoxaflutole, or 2,4-D
applied alone at 42 DAPT in 2013 (Table 5.7). However, differences were not observed
in 2014. We speculate the lack of differences in control and GR Palmer amaranth height
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in 2014 was due to increased rainfall at this site following the PRE herbicide treatment
that diluted metribuzin in the soil profile (Table 5.1) (Majumdar and Singh, 2007).
S-metolachlor mixed with dicamba, isoxaflutole, or 2,4-D compared to these
herbicides applied alone controlled GR Palmer amaranth 32 and 41% more and plants
that were 6.3 and 0.6 inches shorter at 42 DAPT in 2013 and 2014, respectively (Table
5.7). Increased GR Palmer amaranth control in 2014 compared to 2013 with respect to
treatments mixed with S-metolachlor is likely attributed to 2.6 inches more rainfall
following herbicide treatments and temperatures 2.2 °F warmer during May of 2014 than
2013 (Table 5.1). In 2014, 50% of season-long Palmer amaranth emergence occurred one
week following the PRE herbicide application. Mueller et al. (1999) reported 50% of
metolachlor dissipated from the soil after 13.7 d when sampled from a depth of 0 to 3
inches across three field soil types. In a different study, broadleaf signalgrass [Brachiaria
platyphylla (Griseb.) Nash] control increased when a rainfall event followed a treatment
of metolachlor on a fine-textured soil (Mueller and Hayes, 1997).
Glyphosate-resistant Palmer amaranth control and heights were similar in both
years with treatments that included mixtures of dicamba, isoxaflutole, or 2,4-D with Smetolachlor compared to mixtures of dicamba, isoxaflutole, or 2,4-D with metribuzin at
42 DAPT when each two MOA treatment was compared to a single MOA treatment.
These data suggest that GR Palmer amaranth control is more similar across growing
seasons on course textured soils with treatments containing S-metolachlor than herbicide
treatments containing metribuzin when mixed with dicamba, isoxaflutole, or 2,4-D.
O’Connell et al. (1998) reported the half-life of S-metolachlor to be 30 days in loamy

129

sand soils, while Hyzak and Zimdahl (1974) reported the half-life of metribuzin to be 16
days in a sandy loam soil. Shaner et al. (2006) reported the distribution coefficient (Kd) of
S-metolachlor to be 1.98 and 6.93 in sandy loam and clay loam soils, respectively. Peek
and Appleby (1989) reported the Kd of metribuzin on a course textured soil to be 1.11 as
compared to 7.0 with a fine textured soil, suggesting greater adsorption of metribuzin to
fine textured soils than course textured soils. In addition, data from studies by Shaner et
al. (2006) and Peek and Appleby (1989) suggest that metribuzin is adsorbed to soil
particles less than S-metolachlor. In a study evaluating residual activity of metribuzin in a
Sassafras sandy loam soil, 10% of the applied metribuzin remained at 42 days after
treatment (Lay and Ilnicki, 1974).
Orthogonal contrasts revealed that dicamba or isoxaflutole-containing treatments
provided 70 to 78% control of GR Palmer amaranth, plants that measured less than 8
inches tall, and produced no more than 78 leaves per plant compared to treatments of 2,4D that provided 41% control of GR Palmer amaranth, plants that measured 19.7 inches,
and produced 146 leaves/plant at 42 DAPT in 2013 (Tables 5.6 and 5.8). Treatments
mixed with dicamba or 2,4-D accumulated 0.0016 to 0.36 lb of GR Palmer amaranth
biomass per plant compared to 0.0004 to 0.07 lb/plant with treatments mixed with
isoxaflutole (Table 5.8). Differences between treatments of isoxaflutole and 2,4-D at 42
DAPT existed across both years and all parameters evaluated in the study with exception
to GR Palmer amaranth height in 2014 (Table 5.6). Demonstrating that treatments with
isoxaflutole can provide greater control of GR Palmer amaranth than PRE treatments
mixed with 2,4-D.
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In conclusion, less than 50% GR Palmer amaranth control was achieved with
treatments of dicamba, 2,4-D, or isoxaflutole applied alone at 42 DAPT. Implementing a
PRE herbicide program that consists of dicamba, isoxaflutole, or 2,4-D applied alone is
risky and will not provide sufficient PRE control of GR Palmer amaranth. Adding
metribuzin to treatments of dicamba, isoxaflutole, or 2,4-D provided 67 to 72% GR
Palmer amaranth control at 42 DAPT. The addition of S-metolachlor to metribuzin plus
dicamba, isoxaflutole, or 2,4-D to create a three MOA mixture, did not increase GR
Palmer amaranth control in either year compared to a two MOA mixture of metribuzin
plus dicamba, isoxaflutole, or 2,4-D. Mixing metribuzin with S-metolachlor plus
dicamba, isoxaflutole, or 2,4-D to create a three MOA mixture, provided 86% GR Palmer
amaranth control compared to 63% control with S-metolachlor plus dicamba,
isoxaflutole, or 2,4-D in 2013. However, in 2014 a mixture with three MOA was similar
to the two MOA mixture that contained S-metolachlor plus dicamba, isoxaflutole, or 2,4D. This suggests that adding more than two herbicide MOA will not always increase
control of GR Palmer amaranth. Growers seeking cheaper herbicide programs will be
enticed to choose the less expensive option if similar weed control is achieved. However,
herbicide programs with two MOA are more likely to select herbicide-resistant biotypes
than mixtures with three MOA or more. Beckie and Reboud (2009) reported that
herbicide mixtures delayed ALS-resistance in field pennycress (Thlaspi arvense L.)
compared to treatments without mixtures. Season-long GR Palmer amaranth control was
not achieved with PRE herbicides alone in this study. Palmer amaranth emergence in
Indiana has been observed to occur as late as October. Plants that exhibit an extended
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emergence pattern will need to be controlled late-season as well as early-season by
implementing the use of residual herbicides, postemergence herbicide applications to
weeds no larger than 10 cm, and inter-row cultivation to minimize seed-set.
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Table 5.1: Monthly rainfall (inches) and average monthly air temperatures (°F) from
May through July in 2013 and 2014 at Twelve Mile, Indianaa.
Rainfall
Air temperature
Month
2013
2014
2013
2014
──── inches ────
───── °F ─────
May
4.5
7.1
61.5
63.7
June
5.9
5.1
70.5
73.0
July
3.2
2.0
73.4
69.6
a
Rainfall and air temperature were recorded from an on-site weather station (Model
1400, Spectrum Technologies, Inc., 12360 S Industrial Dr. E, Plainfield, IL. 60544).
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Table 5.2: Description of herbicide combinations, mode of action, and herbicide rates used in the bareground study of GR
Palmer amaranth control at Twelve Mile, Indiana. Orthogonal contrasts compare herbicide programs (dicamba, isoxaflutole, or
2,4-D) that include dicamba, isoxaflutole, or 2,4-D applied alone or mixed with metribuzin, S-metolachlor, or metribuzin plus Smetolachlor to GR Palmer amaranth preemergence.
Orthogonal
contrast
Herbicide combination
Mode of actiona
Rate
lb/acre
Dicamba
Dicamba
Unknown
1.0
Dicamba plus S-metolachlor
Unknown plus long chain fatty acid inhibitor
1.0 + 0.9
Dicamba plus metribuzin
Unknown plus photosystem II inhibitor
1.0 + 0.4
Dicamba plus metribuzin
Unknown plus photosystem II plus long chain
1.0 + 0.4 + 0.9
plus S-metolachlor
fatty acid inhibitor
Isoxaflutole
Isoxaflutole
4-hydroxyphenylpyruvate dioxygenase
0.09
Isoxaflutole plus S4-hydroxyphenylpyruvate dioxygenase plus long
0.09 + 0.9
metolachlor
chain fatty acid inhibitor
Isoxaflutole plus metribuzin
4-hydroxyphenylpyruvate dioxygenase plus
0.09 + 0.4
photosystem II inhibitor
Isoxaflutole plus metribuzin
4-hydroxyphenylpyruvate dioxygenase plus
0.09 + 0.4 + 0.9
plus S-metolachlor
photosystem II plus long chain fatty acid inhibitor
2,4-D
2,4-D
Unknown
1.0
2,4-D plus S-metolachlor
Unknown plus long chain fatty acid inhibitor
1.0 + 0.9 + 0.4
2,4-D plus metribuzin
Unknown plus photosystem II inhibitor
1.0 + 0.9 + 0.4
2,4-D plus metribuzin plus
Unknown plus photosystem II plus long chain
1.0 + 0.4 + 0.9
S-metolachlor
fatty acid inhibitor
a
Source: http://ipcm.wisc.edu/download/pubspm/herbicide-moa-cornsoy-3parts.pdf
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Table 5.3: Description of herbicide combinations, mode of action, and herbicide rates used in the bareground study of GR
Palmer amaranth at Twelve Mile, Indiana. Orthogonal contrasts compare herbicide mode of action that include dicamba,
isoxaflutole, or 2,4-D applied alone or mixed with metribuzin, S-metolachlor, or metribuzin plus S-metolachlor to GR Palmer
amaranth preemergence.
Orthogonal contrast
Herbicide combination
Mode of actiona
Rate
lb/acre
b
1 MOA
Dicamba
Unknown
1.0
Isoxaflutole
4-hydroxyphenylpyruvate dioxygenase
0.09
2,4-D
Unknown
1.0
2 MOA with SDicamba plus SUnknown plus long chain fatty acid
1.0 + 0.9
metolachlor
metolachlor
inhibitor
Isoxaflutole plus S4-hydroxyphenylpyruvate dioxygenase plus
0.09 + 0.9
metolachlor
long chain fatty acid inhibitor
2,4-D plus S-metolachlor
Unknown plus long chain fatty acid
1.0 + 0.9
inhibitor
2 MOA with metribuzin
Dicamba plus metribuzin
Unknown plus photosystem II inhibitor
1.0 + 0.4
Isoxaflutole plus metribuzin
4-hydroxyphenylpyruvate dioxygenase plus
0.09 + 0.4
photosystem II inhibitor
2,4-D plus metribuzin
Unknown plus photosystem II inhibitor
1.0 + 0.4
3 MOA
Dicamba plus metribuzin
Unknown plus photosystem II plus long
1.0 + 0.4 +
plus S-metolachlor
chain fatty acid inhibitor
0.9
Isoxaflutole plus metribuzin
4-hydroxyphenylpyruvate dioxygenase plus
0.09 + 0.4 +
plus S-metolachlor
photosystem II plus long chain fatty acid
0.9
inhibitor
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2,4-D plus metribuzin plus
Unknown plus photosystem II plus long
S-metolachlor
chain fatty acid inhibitor
a
Source: http://ipcm.wisc.edu/download/pubspm/herbicide-moa-cornsoy-3parts.pdf
b
Abbreviations: MOA, mode of action.

1.0 + 0.4 +
0.9
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Table 5.4: Orthogonal contrasts comparing herbicide programs (dicamba, isoxaflutole, or 2,4-D) that include dicamba,
isoxaflutole, or 2,4-D applied alone or mixed with metribuzin, S-metolachlor, or metribuzin plus S-metolachlor to GR Palmer
amaranth preemergence at Twelve Mile, Indiana. Data recorded at 21 days after the preemergence herbicide treatment.
Control
Height
Leavesa
Orthogonal contrast
2013
2014
2013
2014
2013
─────── % ───────
───── inches ─────
No./plant
c
b
d
Dicamba vs 2,4-D
85 vs 53*
71 vs 41*
0.6 vs 1.1*
0.17 vs 0.2
3 vs 6*
d
Dicamba vs isoxaflutole
85 vs 95*
71 vs 58
0.6 vs 0.4
0.17 vs 0.2
3 vs 3
2,4-D vs isoxaflutole
53 vs 95*
41 vs 58
1.1 vs 0.4*
0.2 vs 0.2
6 vs 3
*Significance at P ≤ 0.05.
a
No true leaves were present on GR Palmer amaranth in 2014.
b
Abbreviations: vs, versus.
c
Pooled across treatments containing dicamba.
d
Pooled across treatments containing 2,4-D.
e
Pooled across treatments containing isoxaflutole.
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Table 5.5: Orthogonal contrasts comparing herbicide mode of action that include dicamba, isoxaflutole, or 2,4-D applied alone
or mixed with metribuzin, S-metolachlor, or metribuzin plus S-metolachlor to GR Palmer amaranth preemergence at Twelve
Mile, Indiana. Data recorded at 21 days after the preemergence herbicide treatment.
Control
Height
Leavesa
Orthogonal contrast
2013
2014
2013
2014
2013
─────── % ───────
─────── inches ───────
No./plant
bc
d
1 MOA vs 2 MOA
57 vs 72*
34 vs 71*
1.2 vs 0.5*
0.23 vs 0.15
5 vs 3
d
e
2 MOA vs 3 MOA
72 vs 97*
71 vs 73
0.5 vs 0.6
0.15 vs 0.19
3 vs 4
f
1 MOA vs 2 MOA
57 vs 86*
34 vs 48
1.2 vs 0.5*
0.23 vs 0.21
5 vs 3
1 MOA vs 3 MOA
57 vs 97*
34 vs 73*
1.2 vs 0.6*
0.23 vs 0.19
5 vs 4
f
2 MOA vs 3 MOA
86 vs 97*
48 vs 73
0.5 vs 0.6
0.21 vs 0.19
3 vs 4
*Significance at P ≤ 0.05.
a
No true leaves were present on GR Palmer amaranth at 21 days after the PRE herbicide treatment in 2014.
b
Abbreviations: MOA, mode of action; vs, versus.
c
Mean of dicamba, isoxaflutole, and 2,4-D treatments (1 MOA).
d
Mean of dicamba, isoxaflutole, and 2,4-D treatments mixed with S-metolachlor (2 MOA).
e
Mean of dicamba, isoxaflutole, and 2,4-D treatments mixed with metribuzin plus S-metolachlor (3 MOA).
f
Mean of dicamba, isoxaflutole, and 2,4-D treatments mixed with metribuzin (2 MOA).
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Table 5.6: Orthogonal contrasts comparing herbicide programs (dicamba, isoxaflutole, or 2,4-D) that include dicamba,
isoxaflutole, or 2,4-D applied alone or mixed with metribuzin, S-metolachlor, or metribuzin plus S-metolachlor to GR Palmer
amaranth preemergence at Twelve Mile, Indiana. Data recorded at 42 days after the preemergence herbicide treatment.
Control
Height
Leaves
Orthogonal contrast
2013
2014
2013
2014
2013
2014
───── % ─────
────── inches ──────
──── No./plant ────
b
a
c
Dicamba vs 2,4-D
70 vs 41*
66 vs 62
7.9 vs 19.7*
0.6 vs 0.7
71 vs 146*
5 vs 7*
Dicamba vs
70 vs 78
66 vs 90*
7.9 vs 7.1
0.6 vs 0.5
71 vs 78
5 vs 5
isoxaflutoled
2,4-D vs isoxaflutole
41 vs 78* 62 vs 90*
19.7 vs 7.1*
0.7 vs 0.5
146 vs 78*
7 vs 5*
*Significance at P ≤ 0.05.
a
Abbreviations: vs, versus.
b
Pooled across treatments containing dicamba.
c
Pooled across treatments containing 2,4-D.
d
Pooled across treatments containing isoxaflutole.
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Table 5.7: Orthogonal contrasts comparing herbicide mode of action that include dicamba, isoxaflutole, or 2,4-D applied alone
or mixed with metribuzin, S-metolachlor, or metribuzin plus S-metolachlor to GR Palmer amaranth preemergence at Twelve
Mile, Indiana. Data recorded at 42 days after the preemergence herbicide treatment.
Control
Height
Leaves
Orthogonal contrast
2013
2014
2013
2014
2013
2014
────── % ──────
────── inches ──────
──── No./plant ────
ab
c
1 MOA vs 2 MOA
31 vs 63*
50 vs 91*
19.3 vs 13.0*
0.8 vs 0.2*
140 vs 93
8 vs 2*
c
d
2 MOA vs 3 MOA
63 vs 86*
91 vs 83
13.0 vs 5.0*
0.2 vs 0.6
93 vs 59
2 vs 5*
e
1 MOA vs 2 MOA
31 vs 72*
50 vs 67
19.3 vs 8.7*
0.8 vs 0.7
140 vs 101
8 vs 7
1 MOA vs 3 MOA
31 vs 86*
50 vs 83*
19.3 vs 5.0*
0.8 vs 0.6
140 vs 59*
8 vs 5*
e
2 MOA vs 3 MOA
72 vs 86
67 vs 83
8.7 vs 5.0
0.7 vs 0.6
101 vs 59
7 vs 5
*Significance at P ≤ 0.05.
a
Abbreviations: MOA, mode of action; vs, versus.
b
Mean of dicamba, isoxaflutole, and 2,4-D treatments (1 MOA).
c
Mean of dicamba, isoxaflutole, and 2,4-D treatments mixed with S-metolachlor (2 MOA).
d
Mean of dicamba, isoxaflutole, and 2,4-D treatments mixed with metribuzin plus S-metolachlor (3 MOA).
e
Mean of dicamba, isoxaflutole, and 2,4-D treatments mixed with metribuzin (2 MOA).
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Table 5.8: Orthogonal contrast comparing herbicide programs (dicamba, isoxaflutole,
or 2,4-D) that include dicamba, isoxaflutole, or 2,4-D applied alone or mixed with
metribuzin, S-metolachlor, or metribuzin plus S-metolachlor to GR Palmer amaranth
preemergence at Twelve Mile, Indiana. Data recorded at 42 days after the
preemergence herbicide treatment.
Biomass
Orthogonal contrast
2013
2014
─────────── lb/plant ───────────
b
a
c
Dicamba vs 2,4-D
0.18 vs 0.36
0.0016 vs 0.0017*
Dicamba vs
0.18 vs 0.07*
0.0016 vs 0.0004*
isoxaflutoled
2,4-D vs isoxaflutole
0.36 vs 0.07*
0.0017 vs 0.0004*
*Significance at P ≤ 0.05.
a
Abbreviations: vs, versus.
b
Pooled across treatments containing dicamba.
c
Pooled across treatments containing 2,4-D.
d
Pooled across treatments containing isoxaflutole.
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Table 5.9: Orthogonal contrasts comparing herbicide mode of action that include
dicamba, isoxaflutole, or 2,4-D applied alone or mixed with metribuzin, S-metolachlor,
or metribuzin plus S-metolachlor to GR Palmer amaranth preemergence at Twelve
Mile, Indiana. Data recorded at 42 days after the preemergence herbicide treatment.
Biomass
Orthogonal contrast
2013
2014
────────── lb/plant ──────────
ab
c
1 MOA vs 2 MOA
0.36 vs 0.30
0.0035 vs 0.0002*
c
d
2 MOA vs 3 MOA
0.30 vs 0.03*
0.0002 vs 0.0004
e
1 MOA vs 2 MOA
0.36 vs 0.12*
0.0035 vs 0.0007*
1 MOA vs 3 MOA
0.36 vs 0.03*
0.0035 vs 0.0004*
e
2 MOA vs 3 MOA
0.12 vs 0.03
0.0007 vs 0.0004*
*Significance at P ≤ 0.05.
a
Abbreviations: MOA, mode of action; vs, versus.
b
Mean of dicamba, isoxaflutole, and 2,4-D treatments (1 MOA).
c
Mean of dicamba, isoxaflutole, and 2,4-D treatments mixed with S-metolachlor (2
MOA).
d
Mean of dicamba, isoxaflutole, and 2,4-D treatments mixed with metribuzin plus
S-metolachlor (3 MOA).
e
Mean of dicamba, isoxaflutole, and 2,4-D treatments mixed with metribuzin (2
MOA).
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CHAPTER 6. GLYPHOSATE-RESISTANT PALMER AMARANTH (AMARANTHUS
PALMERI) CONTROL WITH CURRENT AND NEXT-GENERATION
HERBICIDE PROGRAMS

6.1

Abstract

Field studies were conducted in northern Indiana to evaluate PRE and POST
herbicide programs for control of glyphosate-resistant (GR) Palmer amaranth with
current (glufosinate and glyphosate) and future (dicamba, isoxaflutole, and 2,4-D)
herbicide programs. Programs with only PRE herbicides resulted in unsatisfactory GR
Palmer amaranth control. Generally, PRE plus EPOST herbicide programs increased GR
Palmer amaranth control 26 to 36% and reduced biomass 30 to 39% more than PRE only
herbicide programs. Glyphosate-resistant Palmer amaranth biomass, control, density, and
heights were similar among PRE plus EPOST and PRE plus LPOST herbicide programs.
Overall, results from this study suggest that overlapping residual herbicides applied
before and after crop establishment are necessary for season-long GR Palmer amaranth
control and current herbicide programs provide similar GR Palmer amaranth control than
future herbicide programs.
Nomenclature: 2,4-D; dicamba; glufosinate; glyphosate; isoxaflutole; Palmer amaranth,
Amaranthus palmeri S. Wats.
Keywords: Herbicide-resistant crop traits, weed control, weed resistance management.
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6.2

Introduction

Amaranthus species were once grown as a food source by native tribes in South
America (Tucker 1986). Palmer amaranth is a small seeded weedy annual plant that
belongs to the amaranthus family and is native to the southwest United States. Palmer
amaranth has been found to infest coastal regions of Virginia by the early 20th century
(Sauer 1957). Nearly a century later, Palmer amaranth was identified in two southern
Indiana counties near the Ohio River, where it was believed to be introduced by flood
waters from fields upstream. Grower awareness of Palmer amaranth has increased since
initial reports in Indiana. Currently, 45 Indiana counties have been reported to contain
Palmer amaranth.
Palmer amaranth has been documented to be a problematic weed in cotton
(Gossypium hirsutum L.) and soybean [Glycine max L. (Merr.)] production in Missouri,
South Carolina and Tennessee since 2005 (Webster 2005). Biological characteristics that
include a discontinuous emergence pattern, rapid growth rate, copious seed production,
and tolerance to highly shaded environments are characteristics why Palmer amaranth is
problematic for growers (Jha et al. 2009; Keeley et al. 1987; Sellers et al. 2003). Palmer
amaranth is highly competitive with crops. Massinga et al. (2001) reported Palmer
amaranth densities of 8 plants 1 m-1 row can reduce grain yield by 91%. Cotton lint yield
is highly sensitive to Palmer amaranth competition. Rowland et al. (1999) reported
Palmer amaranth density at 8 plants 10 m-1 row reduced cotton lint yield by 86% with
season-long competition. In addition to Palmer amaranth’s highly competitive nature,
accessions resistant to glyphosate, a preeminent herbicide for postemergence weed
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control in cotton, corn (Zea mays L.), and soybean production, was reported in 2006 in
Georgia (Culpepper et al. 2006). Palmer amaranth is also notorious for evolving
resistance to several herbicide sites of action used in corn, cotton, and soybean
production (Burgos et al. 2001; Gossett et al. 1992; Horak and Peterson 1995; Jhala et al.
2014b; Peterson 1999; Salas et al. 2016; Sprague et al. 1997).
Glyphosate resistance has triggered the need for alternative herbicide-resistant
cropping technologies. Currently, U.S. governmental agencies have approved three
unique herbicide-resistant traits that confer resistance to dicamba, isoxaflutole, or 2,4-D
in soybean. These new herbicide-resistant traits offer growers additional herbicide sites of
action to be applied PRE or postemergence to transgenic soybean that possess the
herbicide-resistant trait. Control of glyphosate-resistant (GR) waterhemp in 2,4-D and
dicamba-resistant cropping systems with PRE herbicides followed by 2,4-D or dicamba
applied POST have shown to be effective. At 8 WAP, Craigmyle et al. (2013) reported
98% control of GR waterhemp with 0.139 kg ai ha-1 of sulfentrazone plus 0.018 kg ai ha-1
of cloransulam applied PRE followed by 0.45 kg ai ha-1 of glufosinate plus 0.56 kg ae ha1

of 2,4-D applied POST in 2,4-D-resistant soybean. Moreover, 0.06 kg ai ha-1 of

flumioxazin plus 0.02 kg ai ha-1 of chlorimuron applied PRE followed by 0.56 kg ai ha-1
of dicamba plus 0.86 kg ae ha-1 of glyphosate applied POST controlled GR waterhemp
89% at 3 weeks after the POST herbicide treatment in dicamba-resistant soybean
(Spaunhorst et al. 2014). In a three year study by Johnson et al. (2012), 0.08 kg ai ha-1 of
isoxaflutole applied PRE resulted in 78 to 99% Palmer amaranth control. In the same
study a mixture of 0.08 kg ai ha-1 of isoxaflutole plus 1.68 kg ai ha-1 of atrazine resulted
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in ≥98% Palmer amaranth control at 8 weeks after PRE treatment. The objective of this
study was to evaluate current and future herbicide programs for control of GR Palmer
amaranth in Indiana.

6.3

Materials and Methods

6.3.1

Site Description

During summers of 2013 and 2014 a bareground field study without crops was
conducted in Twelve Mile, Indiana (40.877347, -86.206042). The soil was a Bloomfield
loamy fine sand (sandy, mixed, mesic Lamellic Hapludalfs) with 2.1% organic matter
and a soil pH of 6.9 in 2013 and 1.9% organic matter with a soil pH of 6.5 in 2014. A
total of 25 treatments were evaluated. A description of the herbicide combinations,
application timing, and herbicide rates used are listed in Table 6.1. Five of the treatments
received a PRE herbicide only. On May 13, 2013 and May 1, 2014, PRE treatments were
applied following conventional tillage. Twenty-one days after PRE treatments were
applied, 10 early-POST (EPOST) herbicide treatments were applied on June 3, 2013 and
May 22, 2014. At the EPOST timing Palmer amaranth height did not exceed 2 cm in
2013 and 2014. The last 10 treatments were applied 42 days after PRE treatments on June
25, 2013 and June 12, 2014 and are denoted as late-POST (LPOST). The study was
arranged in a randomized complete block design with four replications. Individual plots
measured 3 by 9 m in size. Treatments were applied with a CO2-pressurized backpack
sprayer equipped with XR11002 flat-fan nozzles (TeeJet®, Spraying Systems Co., P.O.
Box 7900, Wheaton, IL. 60187) spaced 38 cm apart and calibrated to deliver 140 L ha-1
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at 145 kPa. A nontreated control was included for comparison. Monthly rainfall totals
and average monthly temperatures for each year are presented in Table 6.2.

6.3.2

Treatment Evaluation and Data Collection

Palmer amaranth biomass, control, density, and height were recorded once. Data
were collected at 63 days after PRE treatment (DAPT), 42 days after the EPOST, or 21
days after the LPOST treatment. Visually assessed Palmer amaranth control was
evaluated on a scale of 0 to 100%, where 0 represents no plant death and 100 was equal
to complete plant death. The whole plot area was used to determine visual control ratings.
In addition, a 1-m2 area within each treatment was established at trial initiation to
determine plant biomass, density, and height. A single representative plant from within
the 1-m2 area was measured from the soil surface to the apical meristem. Within the 1-m2
area, Palmer amaranth above ground biomass was harvested once on July 16, 2013 and
July 3, 2014 by clipping all Palmer amaranth plants at the soil surface at 63, 42, and 21
days after the PRE, EPOST, and LPOST herbicide treatments, respectively. Harvested
plant material was stored in forced air dryers set at 38 C for 1 wk and dry weights were
recorded.

6.3.3

Statistical Analysis

All data were subjected to ANOVA using the PROC MIXED procedure in SAS
version 9.3 (SAS Institute, Inc., Carey, NC). Herbicide treatment was considered a fixed
effect, whereas replication was considered a random effect. Data were pooled across
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years and tested for normality using the PROC UNIVARIATE procedure. Visually
assessed Palmer amaranth control was arcsine square-root transformed before analysis
and improved normality; however back transformed data are presented with mean
separation based on transformed data. Palmer amaranth biomass, density, and height were
converted to a percentage of the nontreated check. When treatment effect was significant,
means were separated at P ≤ 0.05 using Tukey’s honest significant difference (HSD).

6.4
6.4.1

Results and Discussion

Palmer amaranth Biomass, Control, Density, and Height

Palmer amaranth control with PRE only herbicide programs ranged from 62 to 92%
at 63 DAPT. A PRE program of pyroxasulfone plus flumioxazin resulted in 25 to 30%
more Palmer amaranth control than acetochlor plus dicamba, s-metolachlor plus
mesotrione plus metribuzin, or s-metolachlor plus fomesafen plus metribuzin PRE
programs (Table 6.3). At 63 DAPT, Palmer amaranth density and biomass were reduced
up to 37 and 38%, respectively, more with a pyroxasulfone plus flumioxazin PRE
program than acetochlor plus dicamba or s-metolachlor plus fomesafen plus metribuzin
PRE programs. Palmer amaranth heights were similar across all PRE programs.
Implementing a PRE only herbicide program is risky, which often results in poor weed
control and reduced crop yield (Jhala et al. 2014a). Palmer amaranth exhibits an irregular
emergence pattern and has been observed to emerge from March until late October
(Keeley et al. 1987). Thus, POST herbicide programs that include residual are helpful in
managing escapes and diminish late-season emergence.
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All programs with PRE followed by EPOST or LPOST herbicides resulted in
≥88% Palmer amaranth control at 42 days after EPOST or 21 days after LPOST herbicide
treatment, respectively (Table 6.3). Adding EPOST or LPOST programs to the
pyroxasulfone plus flumioxazin PRE only program did not improve Palmer amaranth
control, reduced density, or plant height, or decrease biomass. Herbicide programs with
EPOST or LPOST treatments increased Palmer amaranth control, reduced Palmer
amaranth density, and plant height up to 36, 40, and 30%, respectively, more than a PRE
only program of s-metolachlor plus fomesafen plus metribuzin. Similar amounts of
Palmer amaranth biomass was found in the s-metolachlor plus fomesafen plus metribuzin
PRE program and the s-metolachlor plus fomesafen plus metribuzin PRE followed by smetolachlor plus mesotrione plus glyphosate plus dicamba LPOST program (Table 6.4).
This response is likely due to larger Palmer amaranth treated at the LPOST timing. A
PRE program of acetochlor plus dicamba followed by an EPOST or LPOST program
resulted in 31% more Palmer amaranth control, reduced Palmer amaranth height by 36%,
and had 30% less biomass than the acetochlor plus dicamba PRE only program.
Similarly, an s-metolachlor plus mesotrione plus metribuzin PRE program followed by
EPOST or LPOST programs controlled Palmer amaranth up to 33% more and reduced
plant height by 27% when compared to the PRE only program. Palmer amaranth
biomass, control, density, and height was similar among the s-metolachlor plus
metribuzin plus isoxaflutole PRE program and the s-metolachlor plus metribuzin plus
isoxaflutole PRE followed by EPOST program. However, Palmer amaranth control at 21
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days after the PRE followed by LPOST program was 22% more than the s-metolachlor
plus metribuzin plus isoxaflutole PRE program.
At the Twelve Mile, Indiana location Palmer amaranth control, density, height, and
biomass were similar among all herbicide programs that included EPOST or LPOST
herbicides at 42 days after the EPOST herbicide treatment or 21 days after the LPOST
herbicide treatment. No differences observed between these postemergence programs
suggests that PRE followed by EPOST or LPOST programs applied in this study matched
the period in which a high percentage of Palmer amaranth emerged. At this location an
early-spring tillage event in early May resulted in 50% of season-long emergence to
occur in 96 growing degree days (GDD) (unpublished data). Depending on the maximum
and minimum soil temperatures in early May, 96 GDD can accumulate in 7 to 14 days.

6.4.2 Practical Implications
The herbicide programs evaluated in this study that contained PRE and POST
herbicides resulted in commercially acceptable control of Palmer amaranth. Currently
labeled PRE followed by EPOST or LPOST herbicide programs in soybean resulted in 91
to 99% Palmer amaranth control and reduced Palmer amaranth density 97% or more.
Success of current herbicide programs was driven by the inclusion of residual herbicides
in both PRE (pyroxasulfone plus flumioxazin) and POST (s-metolachlor) programs.
Rainfall provided sufficient soil moisture to activate residual herbicides in both years of
this study. At this location a glyphosate alone program failed to control Palmer amaranth.
Glufosinate did provide control of emerged plants at POST applications. However,
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control and density reduction was less than 100%, which likely resulted from late-season
emerging plants and introduces the possibility for seed rain to occur. Keeley et al. (1987)
reported that Palmer amaranth produced up to 200 seeds plant-1 at 6 weeks after planting
on August 1. Thus, late-season escapes will replenish the soil seedbank if uncontrolled.
New herbicide traited soybean cultivars offer additional herbicide sites of action to
be used preplant and postemergence to control GR Palmer amaranth. However, overuse
of these new technologies will result in selection for resistant biotypes if not stewarded
properly. Palmer amaranth resistance to HPPD-inhibiting herbicides was reported in
Nebraska in 2012 in a field under continuous seed corn production (Jhala et al. 2014b).
Moreover, dicamba-resistant kochia (Kochia scoparia) is currently present in six states
and waterhemp (Amaranthus tuberculatus) resistant to 2,4-D was reported in 2009 in a
native-grass seed production field in Nebraska (Bernards et al. 2012; Heap 2016). Thus,
alternative weed control measures (mechanical and cultural) in combination with
herbicides should be considered to manage Palmer amaranth infestations.
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Table 6.1: Description of herbicide combinations, application timing, and herbicide rates used in the bareground study of
glyphosate-resistant (GR) Palmer amaranth at Twelve Mile, Indiana.a
Rate
Herbicide common nameb
Timing
Trade name
kg ae or ai ha-1
Acetochlor + dic
PRE
2.3 + 1.12
Warrant + Clarity
Pyrox + flumi
PRE
0.09 + 0.07
Fierce
S-meto + meso + met
PRE
1.9 + 0.18 + 0.42
Zemax + Sencor
Dual II Magnum + Sencor + Balance
S-meto + met + isox
PRE
1.1 + 0.42 + 0.11
Pro
S-meto + fome + met
PRE
1.2 + 0.26 + 0.28
Prefix + Sencor
PRE fb
2.3 + 1.1 fb 1.1 + 1.1 Clarity + Warrant fb Dual II Magnum
Acetochlor + dic fb s-meto + gly + dic
EPOST or
+ 0.56
+ Roundup PowerMax + Clarity
LPOSTb
PRE fb
0.09 + 0.07 fb 1.1 +
Fierce fb Dual II Magnum + Liberty
Pyrox + flumi fb s-meto + gluf
EPOST or
0.59
280
LPOST
PRE fb
0.09 + 0.07 fb 1.1 +
Fierce fb Dual II Magnum + Roundup
Pyrox + flumi fb s-meto + gly
EPOST or
1.1
PowerMax
LPOST
PRE fb
0.09 + 0.07 fb 1.1 +
Fierce fb Dual II Magnum + Roundup
Pyrox + flumi fb s-meto + gly + dic
EPOST or
1.1 + 0.56
PowerMax + Clarity
LPOST
PRE fb
Fierce fb Dual II Magnum + Roundup
0.09 + 0.07 fb 1.1 +
Pyrox + flumi fb s-meto + gly + 2,4-D
EPOST or
PowerMax + Weedar 64
1.1 + 1.1
LPOST
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PRE fb
0.09 + 0.07 fb 1.1 +
Fierce fb Dual II Magnum + Roundup
Pyrox + flumi fb s-meto + gly + 2,4-D + gluf
EPOST or
1.1 + 0.53 + 0.59
PowerMax + Weedar 64 + Liberty 280
LPOST
PRE fb
S-meto + fome + met fb s-meto + meso +
1.2 + 0.26 + 0.28 fb
EPOST or
Prefix + Sencor fb Halex GT
gly + NIS
1.0 + 0.11 + 1.0
LPOST
PRE fb
1.2 + 0.26 + 0.28 fb
S-meto + fome + met fb s-meto + meso +
EPOST or
1.0 + 0.11 + 1.1 +
Prefix + Sencor fb Halex GT + Clarity
gly + dic + NIS
LPOST
0.56
PRE fb
1.1 + 0.42 + 0.11 fb
Dual II Magnum + Sencor + Balance
S-meto + met + isox fb gly + fome
EPOST or
1.1 + 0.26
Pro fb Roundup PowerMax + Flexstar
LPOST
PRE fb
1.9 + 0.18 + 0.42 fb
S-meto + meso + met fb gly + fome + MSO
EPOST or
Zemax + Sencor fb Flexstar GT 3.5
1.1 + 0.27
LPOST
a
Abbreviations: AMS; ammonium sulfate (WinField Solutions LLC., St. Paul, MN); dic, dicamba; fb, followed by; flumi,
flumioxazin; fome, fomesafen; gluf, glufosinate; gly, glyphosate; isox, isoxaflutole; meso, mesotrione; MSO, methylated seed
oil (Premium MSO, Helena Chemical Company, Collierville, TN); met, metribuzin; NIS, nonionic surfactant (Induce, Helena
Chemical Company, Collierville, TN); pyrox, pyroxasulfone; s-meto, s-metolachlor.
b
All EPOST and LPOST herbicide treatments contained AMS 5% (v/v), treatments applied with Halex GT contained NIS
0.25% (v/v), and treatments applied with Flexstar GT3.5 contained Premium MSO 1% (v/v).
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Table 6.2: Monthly rainfall (mm) and average monthly air temperatures (C) from May
through July in 2013 and 2014 at Twelve Mile, Indiana.
Rainfall
Air temperature
Month
2013
2014
2013
2014
───── mm ─────
────── C ──────
May
114.0
180.3
16.4
17.6
June
149.4
130.3
21.4
22.8
July
82.3
51.6
23.0
20.9
a
Weather data were recorded from an on-site weather station (Model 1400,
Spectrum Technologies, Inc., 3600 Thayer Court, Aurora, IL. 60504 ).
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Table 6.3: Palmer amaranth control (scale 0-100), density, and height at 63 days after PRE, 42 days after EPOST, and 21 days
after LPOST herbicide treatment at Twelve Mile, Indiana.a
Treatmenta
Timing
Controlbc
Densitybd
Heightbd
─────────── % ───────────
Nontreated check
──
0
100
100
Acetochlor + dic
PRE
67 c
40 a
37 a
Pyrox + flumi
PRE
92 ab
5b
17 a-d
S-meto + meso + met
PRE
66 c
32 ab
28 a-c
S-meto + met + isox
PRE
77 bc
21 ab
9 b-d
S-meto + fome + met
PRE
62 c
42 a
31 ab
Acetochlor + dic fb s-meto + gly + dic
PRE fb EPOST
93 ab
11 ab
2d
Pyrox + flumi fb s-meto + gluf
PRE fb EPOST
91 ab
3b
7 b-d
Pyrox + flumi fb s-meto + gly
PRE fb EPOST
97 a
1b
8 b-d
Pyrox + flumi fb s-meto + gly + dic
PRE fb EPOST
99 a
1b
1d
Pyrox + flumi fb s-meto + gly + 2,4-D
PRE fb EPOST
97 a
1b
1d
Pyrox + flumi fb s-meto + gly + 2,4-D + gluf
PRE fb EPOST
99 a
1b
1d
S-meto + fome + met fb s-meto + meso + gly + NIS
PRE fb EPOST
97 a
6b
2d
S-meto + fome + met fb s-meto + meso + gly + dic + NIS
PRE fb EPOST
98 a
2b
1d
S-meto + met + isox fb gly + fome
PRE fb EPOST
91 ab
12 ab
6 cd
S-meto + meso + met fb gly + fome + MSO
PRE fb EPOST
94 ab
3b
2d
Acetochlor + dic fb s-meto + gly + dic
PRE fb LPOST
98 a
1b
1d
Pyrox + flumi fb s-meto + gluf
PRE fb LPOST
99 a
1b
1d
Pyrox + flumi fb s-meto + gly
PRE fb LPOST
97 a
1b
1d
Pyrox + flumi fb s-meto + gly + dic
PRE fb LPOST
100 a
1b
1d
Pyrox + flumi fb s-meto + gly + 2,4-D
PRE fb LPOST
100 a
0b
0d
Pyrox + flumi fb s-meto + gly + 2,4-D + gluf
PRE fb LPOST
100 a
1b
1d
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S-meto + fome + met fb s-meto + meso + gly + NIS
PRE fb LPOST
89 ab
2b
8 b-d
S-meto + fome + met fb s-meto + meso + gly + dic + NIS
PRE fb LPOST
88 ab
20 ab
8 b-d
S-meto + met + isox fb gly + fome
PRE fb LPOST
99 a
1b
1d
S-meto + meso + met fb gly + fome + MSO
PRE fb LPOST
99 a
1b
1d
a
Abbreviations: Dic, dicamba; fb, followed by; flumi, flumioxazin; fome, fomesafen; gluf, glufosinate; gly, glyphosate; isox,
isoxaflutole; meso, mesotrione; MSO, methylated seed oil; met, metribuzin; NIS, nonionic surfactant; pyrox, pyroxasulfone; smeto, s-metolachlor.
b
Means within columns with no common letter(s) are significantly different according to Tukey HSD at P ≤ 0.05.
c
Data were arc-sine square-root transformed before analysis; however, data presented are means of non-transformed data.
d
Palmer amaranth density and height were adjusted as a percentage of the nontreated check for each herbicide treatment.
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Table 6.4: Palmer amaranth biomass taken 63 days after PRE, 42 days after EPOST,
and 21 days after LPOST herbicide treatment at Twelve Mile, Indiana.a
Treatmentb
Timing
Biomasscd
%
Nontreated check
──
100
Acetochlor + dic
PRE
31 ab
Pyrox + flumi
PRE
2c
S-meto + meso + met
PRE
14 abc
S-meto + met + isox
PRE
6 bc
S-meto + fome + met
PRE
40 a
Acetochlor + dic fb s-meto + gly + dic
PRE fb EPOST
1c
Pyrox + flumi fb s-meto + gluf
PRE fb EPOST
11 bc
Pyrox + flumi fb s-meto + gly
PRE fb EPOST
1c
Pyrox + flumi fb s-meto + gly + dic
PRE fb EPOST
1c
Pyrox + flumi fb s-meto + gly + 2,4-D
PRE fb EPOST
1c
Pyrox + flumi fb s-meto + gly + 2,4-D + gluf
PRE fb EPOST
1c
S-meto + fome + met fb s-meto + meso + gly +
PRE fb EPOST
1c
NIS
S-meto + fome + met fb s-meto + meso + gly +
PRE fb EPOST
1c
dic + NIS
S-meto + met + isox fb gly + fome
PRE fb EPOST
1c
S-meto + meso + met fb gly + fome + MSO
PRE fb EPOST
1c
Acetochlor + dic fb s-meto + gly + dic
PRE fb LPOST
1c
Pyrox + flumi fb s-meto + gluf
PRE fb LPOST
1c
Pyrox + flumi fb s-meto + gly
PRE fb LPOST
1c
Pyrox + flumi fb s-meto + gly + dic
PRE fb LPOST
1c
Pyrox + flumi fb s-meto + gly + 2,4-D
PRE fb LPOST
1c
Pyrox + flumi fb s-meto + gly + 2,4-D + gluf
PRE fb LPOST
1c
S-meto + fome + met fb s-meto + meso + gly +
PRE fb LPOST
7 bc
NIS
S-meto + fome + met fb s-meto + meso + gly +
PRE fb LPOST
12 abc
dic + NIS
S-meto + met + isox fb gly + fome
PRE fb LPOST
1c
S-meto + meso + met fb gly + fome + MSO
PRE fb LPOST
1c
a
All treatments were harvested on July 16, 2013 and July 3, 2014.
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b

Abbreviations: Dic, dicamba; fb, followed by; flumi, flumioxazin; fome,
fomesafen; gluf, glufosinate; gly, glyphosate; isox, isoxaflutole; meso, mesotrione;
MSO, methylated seed oil; met, metribuzin; NIS, nonionic surfactant; pyrox,
pyroxasulfone; s-meto, s-metolachlor.
c
Means within columns with no common letter(s) are significantly different
according to Tukey HSD at P ≤ 0.05.
d
Palmer amaranth biomass were adjusted as a percentage of the nontreated check
for each herbicide treatment.
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CHAPTER 7. CEREAL RYE AND ANNUAL RYEGRASS COVER CROPS PLUS
RESIDUAL HERBICIDE PROGRAMS FOR MANAGING PALMER
AMARANTH (AMARANTHUS PALMERI) IN SOYBEAN

7.1

Abstract

Interest in fall planted cover crops has increased among Indiana growers because of
government cost-share programs. The objective of this study was to evaluate Palmer
amaranth control with cereal rye and annual ryegrass cover crops in combination with
herbicide strategies in glyphosate- and glufosinate-resistant soybean. At 28 days after
burndown (DAB) neither cover crop reduced Palmer amaranth density unless a residual
herbicide was applied prior to soybean planting. Flumioxazin applied when the cover
crop was terminated resulted in over 85% Palmer amaranth density reduction at 28 DAB.
The most effective strategies for reducing Palmer amaranth density include burndown
herbicides with soil residual activity followed by postemergence herbicides. Cover crops
are neither beneficial nor detrimental for reducing Palmer amaranth biomass or density.
Cover crops were beneficial to soybean grain yield in 2015, but not in 2014. End of
season Palmer amaranth control with annual ryegrass and cereal rye cover crops did not
exceed 61 or 84%, respectively, unless POST herbicides with soil residual activity were
applied. Results from this study suggest in the presence or absence of cover crops, current
herbicide strategies that include residual plus effective postemergence herbicides at
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burndown and EPOST can provide 94% or more Palmer amaranth control at soybean
harvest.
Nomenclature: Annual ryegrass, (Lolium multiflorum Lam.); cereal rye, (Secale cereale
L.); flumioxazin; glufosinate; glyphosate; Palmer amaranth, Amaranthus palmeri S.
Wats; soybean, [Glycine max L. (Merr.)].
Keywords: Integrated weed management, no-tillage, resistance management.
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7.2

Introduction

Glyphosate-resistant weeds have become increasingly problematic in the US
beginning in 2001, when GR horseweed (Conyza canadensis L.) was first documented in
Delaware (VanGessel 2001). Repeated glyphosate applications to Palmer amaranth,
(Amaranthus palmeri S. Wats.) a pernicious summer annual plant, has selected for
resistant biotypes and was first confirmed in Georgia cotton (Gossypium hirsutum L.)
production in 2006 (Culpepper et al. 2006). Since then, GR Palmer amaranth has been
confirmed in numerous soybean [Glycine max L. (Merr.)] and cotton producing states and
is listed as one of the most difficult to control weeds in agronomic crops (Heap 2016;
Norsworthy 2003; Webster and Coble 1997).
Palmer amaranth is a dioecious species capable of pollinating plants at distances up
to 300 m (Sosnoskie et al. 2012). Pollination at these distances allows Palmer amaranth to
disperse GR genes to glyphosate-susceptible Palmer amaranth; therefore spreading
resistance (Gaines et al. 2011). Characteristics that exemplify Palmer amaranth’s biology
include emergence at shallow soil depths, copious seed production, a rapid growth rate,
and shade tolerance (Jha and Norsworthy 2009; Jha et al. 2008; Sellers et al. 2003).
Klingaman and Oliver (1994) reported 48% reduction in soybean grain yield when in
competition with 2 Palmer amaranth plants m-1 row. Rowland et al. (1999) evaluated
Palmer amaranth interference with cotton and reported 2 Palmer amaranth plants 5 m-1
row reduced cotton lint yield more than 40%. Reduction in yield of peanut (Arachis
hypogaea), reported by Burke et al. (2007), further illustrates the magnitude of economic
loss in crops when competing with Palmer amaranth.
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Arbuckle and Roesch-McNally (2015) reported that many Iowa farmers believe fall
planted cover crops have benefits such as reduced soil erosion and nutrient loss. Despite
the perceived benefits of cover crops to soil, only 17% of Iowa farmers in a 2013 survey
planted cover crops (Arbuckle and Roesch-McNally 2015). Cover crop inputs and
complex management decisions have limited its wide-scale adoption (Dunn et al. 2016;
Singer et al. 2007). Moreover, inconsistent weed density reduction across growing
seasons have been reported with a winter wheat (Triticum aestivum L.) cover crop (Davis
et al. 2007), which may contribute to the lack of cover crop adoption. Nonetheless,
promotion of cover crops through cost-share initiatives from the Natural Resources
Conservation Service have provided incentive for growers to plant cover crops in areas
where fertilizer leaching and soil runoff are likely to occur (Anonymous 2016).
Cover crops have been investigated for weed control in annual cropping systems,
particularly cover crops that provide supplemental nitrogen and have potential to grow
rapidly and outcompete weeds (Blevins et al. 1990). A fall planted annual ryegrass cover
crop intended for suppression of the soybean cyst nematode (SCN) hosts henbit (Lamium
amplexicaule L.) and purple deadnettle (Lamium purpureum L.) has resulted in minimal
success in suppressing weeds and reducing SCN population density (Creech et al. 2008;
Mock et al. 2012). Wiggins et al. (2015) reported that a crimson clover (Trifolium
incarnatum L.) cover crop only provided 41% control of GR Palmer amaranth 7 days
prior to applying a POST herbicide treatment. Season-long weed control was difficult to
achieve with cover crops alone in numerous studies (Teasdale 1996; Wiggins et al. 2015;
Yenish et al. 1996). However, use of cover crops with herbicides has shown some
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promise. Implementing a PRE herbicide treatment of atrazine plus metolachlor with a
cereal rye, crimson clover, hairy vetch, or subterranean clover (Trifolium subterraneum
L.) cover crop reduced late-season weed biomass by 59% compared to treatments without
herbicides (Yenish et al. 1996). Wiggins et al. (2015) observed 95% or more GR Palmer
amaranth control at 28 DAT with crimson clover or hairy vetch cover crops plus PRE and
POST herbicide programs in corn.
Late-spring cover crop termination results in greater biomass accumulation than
terminating in early-spring. Mirsky et al. (2011) reported 43% more cereal rye (Secale
cereale L.) biomass accumulation when cover crop termination was delayed from May 1st
to May 10th. Extensive biomass accumulation can increase weed seedling mortality by
decreasing light penetration through the cover crop canopy. However, Palmer amaranth
adapting to highly shaded conditions has been documented. Jha et al. (2008) reported
Palmer amaranth grown under 87% shade produced 42% more leaf area than plants
exposed to full sunlight. In the same study, plants reduced their light compensation point
by 44% to maintain a positive carbon balance when grown under 87% shade.
The objective of our study was to evaluate a systems approach for managing
Palmer amaranth with cereal rye and annual ryegrass cover crops combined with PRE
and POST residual herbicide programs in glyphosate- and glufosinate-resistant soybean.
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7.3

Materials and Methods
7.3.1

Study Setup

A field study was conducted over two years at Throckmorton Purdue Agricultural
Center near Lafayette, IN. The soil type was a Throckmorton silt loam (fine-silty, mixed,
superactive, mesic Mollic Oxyaquic Hapludalfs) with 3.0% organic matter and a pH of
6.7 in 2014 and 2.9% organic matter and pH of 6.9 in 2015. The study was conducted as
a split-split plot design with cover crop (cereal rye, annual ryegrass, or none) as the
whole plot, soybean herbicide resistance trait (glufosinate or glyphosate) as sub plot, and
herbicide strategy (burndown, burndown plus early-post (EPOST), or burndown plus
EPOST plus late-post (LPOST) as sub-sub plot. Herbicide treatments were replicated
four times and randomly arranged within each sub plot. Individual plots measured 3 by 8
m in size.

7.3.2

Planting and Herbicide Treatment Information

On September 27, 2013 and September 19, 2014 cereal rye and annual ryegrass
were no-till planted at a rate of 90 and 22 kg ha-1, respectively, on 19 cm rows directly
over mowed Palmer amaranth residue. The annual ryegrass variety planted in 2013 was
Gulf, while the variety planted in 2014 was Winter Hawk. In both years the cereal rye
and annual ryegrass cover crops emerged prior to winter. During the first year of the
study the annual ryegrass cover crop was winter killed and produced little above ground
biomass. Therefore, a more winter hardy annual ryegrass variety was planted for the
second year of the study.
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On May 20th and May 6th 2014 and 2015, respectively, a preplant burndown
treatment of 1,682 g ae ha-1 glyphosate plus 560 g ae ha-1 2,4-D was applied to the entire
plot area (without flumioxazin) to terminate the cover crops. In plots in which a POST
herbicide treatment was to be applied, 89 g ai ha-1 of flumioxazin was added to mixtures
of glyphosate plus 2,4-D applied at 1,682 g ae ha-1 plus 560 g ae ha-1, respectively, (with
flumioxazin). On May 27, 2014 and May 18, 2015, half of the whole plot area was
planted to Asgrow 2933 glyphosate-resistant soybean and the other half planted to Becks
298L4 glufosinate-resistant soybean. Soybean seed was planted on 38 cm rows at a 2 cm
depth. Approximately 370,000 seeds ha-1 were seeded into existing cover crop residue at
one to two weeks after cover crop termination. In glyphosate-resistant soybean, the
EPOST herbicide treatment composed of 867 g ae ha-1 of glyphosate plus 395 g ae ha-1 of
fomesafen plus 1,390 g ai ha-1 of S-metolachlor. In glufosinate-resistant soybean, the
EPOST herbicide treatment included 468 g ai ha-1 of glufosinate plus 1,390 g ai ha-1 of Smetolachlor. All EPOST treatments included 2.8 kg ha-1 of spray-grade ammonium
sulfate and treatments mixed with fomesafen included 1% v v-1 of MSO. The LPOST
herbicide treatment, regardless of soybean-resistant trait, contained 1,260 g ai ha-1 of
acetochlor alone. Herbicide application dates and weekly rainfall data are listed in Table
7.1. All treatments were applied with a CO2-pressurized backpack sprayer equipped with
a 3 m boom and XR11002 nozzles calibrated to deliver 140 L ha-1 at 138 kPa. A complete
list of all herbicides used in the study are in Table 7.2.
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7.3.3

Data Collection

Palmer amaranth control was visually estimated prior to each herbicide application
and before soybean harvest. Control ratings were made on a 0 to 100% scale, where 0 =
no weed control and 100 = complete weed control. Weed densities were also recorded
before herbicide application and soybean harvest by counting the number of plants in two
0.5 m2 quadrats in each plot. One of the 0.5 m2 quadrats was established in the center of
the plot after entering 3 m from the front and the second 0.5 m2 quadrat was established
in the center of the plot after entering 3 m from the rear of the plot. Prior to soybean
harvest, above ground Palmer amaranth biomass was harvested from each 0.5 m2 quadrat
by clipping plants at the soil surface and placed in paper bags. Paper bags that contained
plant material were stored in a forced air dryer set at 50 C for one week and dry weights
were recorded. Soybean was harvested on October 24th and October 1st 2014 and 2015,
respectively, from the three center rows of each plot using a 1.2 m sickle bar mower and
grain was thrashed using a portable grain thresher. Harvested soybean seed were weighed
and sampled for moisture.

7.3.4

Statistical Analysis

Data were subjected to ANOVA using the PROC MIXED procedure in SAS
(version 9.3; SAS Institute; 100 SAS Campus Dr., Cary, NC 27513-2414). Analysis of
variance was used to test for significant main effects and interactions. Means were
separated at the 0.05 level of significance using Tukey HSD. Cover crop, soybeanresistant trait, and herbicide strategy were considered fixed effects. Replication and
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replication by blocking factors (cover crop and soybean-resistant trait) and their
interactions were treated as random effects. Data are presented separately by year due to
differences in early season rainfall accumulation between two years which resulted in
delayed cover crop termination in 2014.

7.4
7.4.1

Results and Discussion
Early-Season Weed Density

Winter annual weed density ranged from 34 to 180 and 12 to 28 plants m-2 in 2014
and 2015, respectively (Table 7.3). Greater weed density in 2014 was likely attributed to
6.5 cm more rainfall that occurred within 4 weeks prior to burndown herbicide treatments
(Table 7.1), thus increasing soil moisture for weed germination (Mohler and Teasdale
1993). In both years, the annual ryegrass or no cover crop main plots had 14 to 146 or
more winter annual and early-emerging summer annual weeds compared to a cereal rye
cover crop (Table 7.3). This equates to 54 to 81% reduction in total weed density with a
cereal rye cover crop compared to annual ryegrass or no cover crop. Yenish et al. (1996)
reported up to 87% early-season weed control with a rye cover crop. Despite winter kill
of annual ryegrass in 2014, total weed density in fall planted annual ryegrass plots were
similar to treatments with no cover crop in both years. These data suggest that winter
survival of annual ryegrass has little influence on reducing early-season weed density. At
the end of a three year study, Creech et al. (2008) reported that fall planted annual
ryegrass or winter wheat cover crops did not reduce henbit or purple deadnettle density.
A two year continuation of the study conducted by Creech et al. (2008), by Mock et al.
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(2012), also concluded that annual ryegrass exhibits minimal suppression of henbit and
purple deadnettle. In a study conducted by Holmes and Smith (1977), a living 80 cm tall
wheat canopy reduced the quantity and quality of red:far-red light by 50% before striking
the soil surface under clear skies. In our study, the cereal rye cover crop canopy measured
107 and 81 cm in height at the time of termination in 2014 and 2015, respectively. This
likely contributed to less red:far-red light reaching the soil surface, providing more weed
suppression with cereal rye than annual ryegrass or no cover crop.

7.4.2

Influence of Cover Crop and Burndown Strategy on Palmer amaranth Density

At 28 days after the burndown treatment, an interaction between cover crop and
burndown strategy was observed on Palmer amaranth density in both years (Table 7.4).
In 2014, a cereal rye cover crop treated with flumioxazin plus glyphosate plus 2,4-D had
8 more Palmer amaranth plants m-2 than no cover crop treated with the same herbicide
treatment (Table 7.4). These data suggest that a cereal rye cover crop terminated at 107
cm compared to 81 cm in height can reduce the amount of flumioxazin from contacting
the soil surface due to flumioxazin interception by cereal rye. Banks and Robinson (1982)
reported 45% less metribuzin reached the soil surface with 2,250 kg ha-1 of straw mulch
cover compared to no mulch cover. Furthermore, an activating rainfall was not observed
in 2014 until two weeks after the burndown treatment, which could have contributed to
less flumioxazin reaching the soil as well (Table 7.1).
In 2015, Palmer amaranth densities were similar among cereal rye, annual ryegrass,
and no cover crop main plots treated with flumioxazin plus glyphosate plus 2,4-D.
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Flumioxazin plus glyphosate plus 2,4-D applied to annual ryegrass or cereal rye in 2015
did not reduce Palmer amaranth density when compared to glyphosate plus 2,4-D applied
to both cover crops. However, treatments with native winter annual vegetation had 100
plants m-2 when flumioxazin was not mixed with glyphosate plus 2,4-D compared to 10
plants m-2 when flumioxazin was mixed with glyphosate plus 2,4-D at burndown and
treated to winter annual vegetation (Table 7.4). It appears that earlier cover crop
termination in 2015 likely contributed to lower Palmer amaranth densities compared to
2014, particularly in treatments planted to cereal rye.
Our data suggests that terminating cover crops prior to peak Palmer amaranth
emergence can reduce weed density. A burndown treatment of flumioxazin plus
glyphosate plus 2,4-D reduced Palmer amaranth density in both years by 85% compared
to a burndown treatment of glyphosate plus 2,4-D. These data suggest that a burndown
treatment containing a residual herbicide such as flumioxazin is needed for early-season
control of Palmer amaranth.

7.4.3

Influence of Cover Crop, Soybean Tolerance, and EPOST Herbicide Strategy on
Palmer amaranth Density
A cover crop by herbicide strategy interaction was observed with Palmer amaranth

density in 2014 (P = 0.0006) and 2015 (P = 0.0001) at 21 days after the EPOST treatment
(Table 7.5). In 2014, treatments without EPOST herbicides had 33 to 126 more Palmer
amaranth plants m-2 than burndown plus EPOST treatments, regardless of cover crop
type. In 2015, native winter annual vegetation and annual ryegrass treated with
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glyphosate plus 2,4-D at burndown had 249 and 86, respectively, more Palmer amaranth
plants m-2 than treatments fall planted to cereal rye and treated with the same herbicides.
However, when burndown plus EPOST herbicides were applied there was no difference
in Palmer amaranth density among cover crops.
Differences in cover crop main effect were not observed in 2014 (P = 0.227).
However in 2015, a cereal rye cover crop reduced Palmer amaranth density by 43 plants
m-2 or more compared to an annual ryegrass cover crop or native winter annual vegetation
(Table 7.5). Herbicide strategy in this study was crucial to reduce mid-season (early July)
Palmer amaranth density (P = 0.0001). A burndown plus EPOST herbicide strategy
resulted in 89 to 124 less Palmer amaranth plants m-2 than a burndown only herbicide
strategy (Table 7.5).
Results from these data suggest that a cereal rye cover crop has potential to reduce
Palmer amaranth density. However, a herbicide strategy that incorporates residual
herbicides at burndown followed by timely EPOST herbicides with residual had the
lowest Palmer amaranth densities in both years. Fewer Palmer amaranth plants in the
burndown treatment applied to cereal rye in 2015 was likely attributed to more rainfall
which created prolonged saturated soil conditions unfavorable for Palmer amaranth
germination (Teasdale 1996).

7.4.4

Soybean Grain Yield

Soybean grain yield was similar between glufosinate and glyphosate traited
soybean in 2014 (P = 0.938) and 2015 (P = 0.818). In both years herbicide strategy
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influenced soybean grain yield. When comparing herbicide strategy, a burndown plus
EPOST or burndown plus EPOST plus LPOST strategy increased soybean grain yield
1,624 kg ha-1 or more compared to a burndown strategy. In 2014, the main effect of cover
crop was not significant (P = 0.0689). However, in 2015, treatments planted to annual
ryegrass or cereal rye had at least 1,174 kg ha-1 or more soybean grain yield than native
winter annual vegetation. In 2015 a cover crop by herbicide strategy interaction (P =
0.0001) influenced soybean grain yield. Soybean grain yield was lowest when native
winter annual vegetation was treated with a burndown herbicide strategy (Table 7.6). A
burndown herbicide strategy applied to annual ryegrass resulted in 2,507 kg ha-1 more
soybean grain compared to the same herbicide strategy applied to native winter annual
vegetation. However, a burndown herbicide strategy applied to cereal rye in place of
annual ryegrass, resulted in 3,694 kg ha-1 more soybean grain yield than native winter
annual vegetation treated with a burndown herbicide strategy. When burndown plus
EPOST or burndown plus EPOST plus LPOST herbicides were treated to winter annual
vegetation, soybean grain yield was similar among treatments with annual ryegrass or
cereal rye treated with a burndown only herbicide strategy. These data suggest that when
herbicide options are limited and annual ryegrass or cereal rye cover crops survive
winter, soybean grain yield is not compromised. However, 12 to 35 Palmer amaranth
plants m-2 were present at soybean harvest in treatments planted to cover crops not treated
with residual plus postemergence herbicides (Table 7.7). In a different study, Moore et al.
(1994) reported similar soybean grain yield among treatments of cereal rye, triticale (X
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Triticosecale Wittmack), and wheat cover crops planted separately in the fall compared
to a treatment with no cover crop.

7.4.5

End of Season Palmer amaranth Density

In 2014, a cover crop by herbicide strategy interaction (P = 0.0041) influenced
Palmer amaranth density. Regardless of cover crop, treatments with a burndown strategy
had 17 or more Palmer amaranth m-2 than burndown plus EPOST or burndown plus
EPOST plus LPOST herbicide strategies (Table 7.7). Similarly, differences in the main
effect of herbicide strategy had up to 30 fewer Palmer amaranth m-2 with burndown plus
EPOST or burndown plus EPOST plus LPOST herbicide strategies across both years.
Cover crop type did not influence end of season Palmer amaranth density.
However, there was a difference between soybean-resistant trait in one year. Glufosinateresistant soybean had 5 more Palmer amaranth plants m-2 at the end of season compared
to treatments planted to glyphosate-resistant soybean in 2015. Fewer Palmer amaranth
plants m-2 in treatments planted to glyphosate-resistant soybean in 2015 could be
attributed to additional residual provided by fomesafen in the EPOST treatment applied
to glyphosate-resistant soybean. However, differences in Palmer amaranth density were
not observed at 21 days after the burndown plus EPOST timing in 2015 (P = 0.0847)
between soybean-resistant trait (Table 7.5). Similar to our results, Wiggins et al. (2015)
reported mixing two additional herbicide modes of action to a mixture of glyphosate plus
atrazine increased Palmer amaranth control at 7, 14, and 21 DAT.
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7.4.6

End of Season Palmer amaranth Biomass

In 2015, a cover crop by herbicide strategy interaction (P = 0.0001) influenced
Palmer amaranth biomass (Table 7.7). Cereal rye treated with a burndown herbicide
strategy reduced Palmer amaranth biomass. Annual ryegrass and native winter annual
vegetation treated with a burndown herbicide strategy had 55 and 330%, respectively,
more Palmer amaranth biomass when compared to cereal rye treated with the same
herbicide strategy.
Palmer amaranth biomass did not exceed 3 g m-2 with burndown plus EPOST or
burndown plus EPOST plus LPOST herbicide strategies. Data from the main effect of
herbicide strategy suggests that burndown plus EPOST or burndown plus EPOST plus
LPOST herbicide strategies can reduce Palmer amaranth biomass up to 98%. When
pooled across six weed species, Reddy et al. (2003) reported 2.6-fold more total weed
biomass in PRE only treatments compared to PRE plus POST herbicide treatments. Our
data shows that a cereal rye cover crop when used in combination with burndown
herbicides can reduce Palmer amaranth biomass. However, Palmer amaranth biomass
accumulation was lowest when burndown plus EPOST or burndown plus EPOST plus
LPOST herbicides were applied, regardless of cover crop. Cover crop main effect did not
influence Palmer amaranth biomass in either year. However, it is important to consider
that in 2015 the main effect of cover crop, particularly cereal rye, influenced Palmer
amaranth biomass to some extent (P = 0.0548). In this study, main effects and
interactions were not considered different when P > 0.05.
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7.4.7

End of Season Palmer amaranth Control

Palmer amaranth control was influenced by cover crop and herbicide strategy
interaction in both years (P = 0.0001). In 2014, a burndown herbicide strategy applied to
cereal rye resulted in 53% more end of season Palmer amaranth control than annual
ryegrass or winter annual vegetation treated with the same burndown strategy (Table 7.7).
Due to annual ryegrass winter kill in 2014, end of season Palmer amaranth control was
similar among treatments planted to annual ryegrass compared to native winter annual
vegetation when both main plots were treated with a burndown herbicide strategy.
However in 2015, winter survival of annual ryegrass provided 61% more control than
native winter annual vegetation treated with a burndown only herbicide strategy. Despite
winter survival of annual ryegrass, cereal rye provided 23% more end of season control
than annual ryegrass when both cover crops were treated with a burndown only herbicide
strategy. In both years, treatments that included residual plus POST herbicide strategies
controlled Palmer amaranth 94% or more regardless of cover crop.
End of season Palmer amaranth control was 2 to 5% more with treatments planted
to glyphosate-resistant soybean than glufosinate-resistant soybean (Table 7.7). Palmer
amaranth in this study comprised of a mixed accession of glyphosate-resistant and
susceptible plants and it is likely that more Palmer amaranth plants were controlled in
treatments with glyphosate-resistant soybean, because fomesafen provided an additional
herbicide mode of action compared to treatments planted to glufosinate-resistant soybean.
The main effect of herbicide strategy and cover crop influenced end of season Palmer
amaranth control. A burndown plus EPOST herbicide strategy resulted in 96% or more
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control of Palmer amaranth compared to no more than 48% control with a burndown only
herbicide strategy. Moreover, cereal rye provided 18 and 8% more end of season Palmer
amaranth control in 2014 and 2015, respectively, than annual ryegrass.
This research suggests that a cereal rye cover crop has potential to suppress Palmer
amaranth and early emerging weeds more than an annual ryegrass cover crop in northern
Indiana. However, without mixtures of residual plus POST herbicides applied at
burndown and in-crop, cover crops alone will not suppress Palmer amaranth long-term.
Growers may experience some soybean stand loss from cover crops (data not shown), but
when mixtures of residual plus POST herbicides are applied timely to Palmer amaranth
and activating rainfall for soil residual herbicides occurs, soybean grain yield loss is
unlikely. The EPOST herbicide treatment of glyphosate plus fomesafen controlled
Palmer amaranth in this study, however this mixture provided only one effective site of
action to GR Palmer amaranth. Glyphosate-resistant Palmer amaranth has been
confirmed in many U.S. states (Heap 2016). The EPOST treatment applied to
glufosinate-resistant soybean has one site of action with POST activity on GR Palmer
amaranth. Palmer amaranth resistant to glufosinate has not been reported. Nonetheless, an
integrated weed management approach that includes effective herbicide mixtures that
target multiple sites of action, plus high residue cover crops can assist in delaying
selection of herbicide-resistant Palmer amaranth.
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Table 7.1: Herbicide application dates for Palmer amaranth and weekly rainfall data after the burndown, EPOST, and LPOST
herbicide treatments.
Rainfall
Weeks
before
burn
Weeks after
Weeks after
Weeks after
a
b
down
burndown
EPOST
LPOSTc
Total
Year
Burndown
EPOST
LPOST
1-4
1
2
3
4
1
2
3
1
2
3
4
───── Application date ───── ────────────────────── cm ──────────────────────
2014
May 20
June 16
July 7
8.9
0 1.1 3.3 1.4
0.6 0.5 1.1
2.1 1.2 0.9 1.3 22.4
2015
May 6
June 2
June 23
2.4
1.8 1.1 0.5 3.0
2.9 2.1 3.8
5.4 1.0 2.1 3.6 29.7
a
Cumulative rainfall of 4 weeks prior to the burndown herbicide application.
b
Early-post herbicides were applied 28 days after the burndown herbicide application.
c
Late-post herbicides were applied 21 days after the early-post herbicide application.
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Table 7.2: Herbicide information for all products used in the study.
Herbicide
Herbicide trade
Rate
common name
name
g ai or g ae ha-

Manufacturer

Location

Adjuvant

St. Louis, MO
Walnut Creek, CA
Greensboro, NC
Research Triangle
Park, NC

MSO

1

Acetochlor
Flumioxazin
Fomesafen

Warrant
Valor SX
Flexstar

1,260
89
395

Glufosinate

Ignite

468

Monsanto Company
Valent U.S.A. Corporation
Syngenta Crop Protection, LLC
Bayer CropScience LP

AMS

Roundup
867 and 1,682
Monsanto Company
St. Louis, MO
AMS
PowerMax
S-metolachlor
Dual II Magnum
1,390
Syngenta Crop Protection, LLC Greensboro, NC
2,4-D
Weedar
560
Nufarm Inc.
Burr Ridge, IL
AMS
a
Abbreviations: AMS, ammonium sulfate (Winfield Solutions LLC, St. Paul, MN); MSO, methylated seed oil (Helena
Chemical Company, Collierville, TN).
b
Adjuvant rates: AMS, 2.8 kg ha-1; MSO, 1% v/v.
Glyphosate
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Table 7.3: Influence of cover crop on total weed density at the burndown herbicide
treatment.
Total weed densitya
May 20, 2014
May 6, 2015
-2
─────── Plants m ───────
Cover crop
Annual ryegrass
154 a
26 a
Cereal rye
34 b
12 b
None
180 a
28 a
P value
< 0.0001
< 0.0001
a
Species include common chickweed, Stellaria media (L.) vill.; common
lambsquarters, Chenopodium album (L.); dandelion Taraxacum officinale G.H. Weber
ex Wiggers; giant ragweed Ambrosia trifida (L.); henbit, Lamium amplexicaule (L.);
horseweed, Conyza canadensis (L.) Cronq.; Palmer amaranth, Amaranthus palmeri S.
Wats.; prickly sida, Sida spinosa (L.); shepherd’s-purse Capsella bursa-pastoris (L.)
Medik.
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Table 7.4: Influence of cover crop and burndown strategy on Palmer amaranth density
at 28 days after the burndown herbicide treatment.
Palmer amaranth density
June 16, 2014
June 2, 2015
-2
────── Plants m ──────
Cover crop
Annual ryegrass
81 a
26 a
Cereal rye
20 a
12 a
None
63 a
55 a
P value
0.875
0.507
Burndown strategya
With flumioxazin
Without flumioxazin
P value

4b
105 a
< 0.0001

8b
53 a
< 0.0001

Cover crop*burndown strategy
Annual ryegrass plus flumioxazin
2 bc
9 bc
Annual ryegrass without
160 a
42 ab
flumioxazin
Cereal rye plus flumioxazin
9b
6c
Cereal rye without flumioxazin
31 a
18 abc
None plus flumioxazin
1c
10 bc
None without flumioxazin
125 a
100 a
P value
< 0.0001
0.0276
a
-1
Burndown treatment with flumioxazin: 89 g ai ha of flumioxazin plus 1,682 g ae
-1
ha of glyphosate plus 560 g ae ha-1 of 2,4-D; burndown treatment without
flumioxazin: 1,682 g ae ha-1 of glyphosate plus 560 g ae of 2,4-D.
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Table 7.5: Influence of cover crop, soybean-resistant trait, and herbicide strategy on
Palmer amaranth density at the LPOST herbicide treatment.
Palmer amaranth density
July 7, 2014
June 23, 2015
-2
────── Plants m ──────
Cover crop
Annual ryegrass
64 a
50 a
Cereal rye
18 a
7b
None
54 a
131 a
P value
0.227
0.0061
Herbicide strategy
Burndowna
Burndown plus EPOSTb
P value
Soybean tolerant trait
Glufosinate
Glyphosate
P value

90 a
1b
< 0.0001

125 a
1b
< 0.0001

38 a
53 a
0.149

64 a
61 a
0.0847

Cover crop*herbicide strategy
Annual ryegrass*burndown
127 a
99 a
Annual ryegrass*burndown plus
1b
1c
EPOST
Cereal rye*burndown
35 a
13 b
Cereal rye*burndown plus EPOST
2b
1c
None*burndown
108 a
262 a
None*burndown plus EPOST
1b
1c
P value
0.0006
< 0.0001
a
Burndown: 1,682 g ae ha-1 of glyphosate plus 560 g ae ha-1 of 2,4-D.
b
Burndown plus EPOST: 89 g ai ha-1 of flumioxazin plus 1,682 g ae ha-1 of
glyphosate plus 560 g ae ha-1 of 2,4-D (at burndown) followed by 867 g ae ha-1 of
glyphosate plus 395 g ae ha-1 of fomesafen plus 1,390 g ai ha-1 of S-metolachlor (at
EPOST in glyphosate tolerant soybean) or 468 g ai ha-1 of glufosinate plus 1,390 g ai
ha-1 of S-metolachlor (at EPOST in glufosinate tolerant soybean).
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Table 7.6: Influence of cover crop, soybean-resistant trait, and herbicide strategy on
soybean grain yield.
Soybean grain yield
October 24,
October 1,
2014
2015
-1
───── kg ha ─────
Cover crop
Annual ryegrass
3,460 a
4,983 a
Cereal rye
3,875 a
5,431 a
None
3,221 a
3,809 b
P value
0.0689
0.0011
Herbicide strategy
Burndowna
Burndown plus EPOSTb
Burndown plus EPOST plus LPOSTc
P value
Soybean tolerant trait
Glufosinate
Glyphosate
P value

2,385 b
4,131 a
4,041 a
< 0.0001

3,698 b
5,322 a
5,203 a
< 0.0001

3,497 a
3,542 a
0.938

4,760 a
4,722 a
0.818

Cover crop*herbicide strategy
Annual ryegrass*burndown
2,042 c
Annual ryegrass*burndown plus EPOST
4,286 ab
Annual ryegrass*burndown plus EPOST plus
4,053 ab
LPOST
Cereal rye*burndown
3,200 bc
Cereal rye*burndown plus EPOST
4,172 ab
Cereal rye*burndown plus EPOST plus LPOST
4,253 a
None*burndown
1,912 c
None*burndown plus EPOST
3,933 ab
None*burndown plus EPOST plus LPOST
3,818 ab
P value
0.237
a
-1
Burndown: 1,682 g ae ha of glyphosate plus 560 g ae ha-1 of 2,4-D.

4,138 c
5,475 ab
5,335 ab
5,325 ab
5,688 a
5,279 ab
1,631 d
4,803 bc
4,994 abc
< 0.0001
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b

Burndown plus EPOST: 89 g ai ha-1 of flumioxazin plus 1,682 g ae ha-1 of
glyphosate plus 560 g ae ha-1 of 2,4-D (at burndown) followed by 867 g ae ha-1 of
glyphosate plus 395 g ae ha-1 of fomesafen plus 1,390 g ai ha-1 of S-metolachlor (at
EPOST in glyphosate tolerant soybean) or 468 g ai ha-1 of glufosinate plus 1,390 g ai
ha-1 of S-metolachlor (at EPOST in glufosinate tolerant soybean).
c
Burndown plus EPOST plus LPOST: 89 g ai ha-1 of flumioxazin plus 1,682 g ae
ha-1 of glyphosate plus 560 kg ae ha-1 of 2,4-D (at burndown) followed by 867 g ae ha-1
of glyphosate plus 395 g ae ha-1 of fomesafen plus 1,390 g ai ha-1 of S-metolachlor (at
EPOST in glyphosate tolerant soybean) or 468 g ai ha-1 of glufosinate plus 1,390 g ai
ha-1 of S-metolachlor (at EPOST in glufosinate tolerant soybean) followed by 1,260 g
ai ha-1 of acetochlor (at LPOST).
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Table 7.7: Influence of cover crop, soybean-resistant trait, and herbicide strategy on Palmer amaranth density, biomass, and
control at soybean harvest.
Palmer amaranth
Palmer amaranth
Palmer amaranth
density
control
biomass
October
October
October
October
October
October
24, 2014
1, 2015
24, 2014
1, 2015
24, 2014
1, 2015
-2
-2
─── Plants m ───
───── % ─────
──── g m ────
Cover crop
Annual ryegrass
19 a
12 a
64 b
86 b
101 a
57 a
Cereal rye
6a
4a
82 a
94 a
64 a
36 a
None
13 a
15 a
65 b
66 c
87 a
155 a
P value
0.483
0.570
0.0003
<0.0001
0.313
0.0548
Herbicide strategy
Burndowna
Burndown plus EPOSTb
Burndown plus EPOST plus LPOSTc
P value

34 a
3b
2b
0.0002

31 a
1b
1b
<0.0001

18 b
96 a
98 a
<0.0001

48 b
98 a
99 a
<0.0001

249 a
3b
1b
<0.0001

247 a
1b
1b
<0.0001

Soybean tolerant trait
Glufosinate
Glyphosate
P value

11 a
14 a
0.420

13 a
8b
0.0353

68 b
73 a
0.0222

81 b
83 a
0.0219

77 a
92 a
0.830

102 a
63 a
0.0690

Cover crop*herbicide strategy
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Annual ryegrass*burndown
56 a
35 a
0c
61 c
301 a
167 a
Annual ryegrass*burndown plus EPOST
1b
1b
96 a
98 a
2b
2c
Annual ryegrass*burndown plus EPOST
1b
1b
96 a
98 a
1b
1c
plus LPOST
Cereal rye*burndown
18 a
12 a
53 b
84 b
187 a
108 b
Cereal rye*burndown plus EPOST
1b
1b
94 a
99 a
6b
1c
Cereal rye*burndown plus EPOST plus
0b
1b
99 a
100 a
0b
1c
LPOST
None*burndown
27 a
47 a
0c
0d
258 a
464 a
None*burndown plus EPOST
6b
1b
99 a
98 a
0b
1c
None*burndown plus EPOST plus LPOST
5b
0b
97 a
99 a
3b
0c
P value
0.0041
0.164
<0.0001
<0.0001
0.290
<0.0001
a
-1
-1
Burndown: 1,682 g ae ha of glyphosate plus 560 g ae ha of 2,4-D.
b
Burndown plus EPOST: 89 g ai ha-1 of flumioxazin plus 1,682 g ae ha-1 of glyphosate plus 560 g ae ha-1 of 2,4-D (at
burndown) followed by 867 g ae ha-1 of glyphosate plus 395 g ae ha-1 of fomesafen plus 1,390 g ai ha-1 of S-metolachlor (at
EPOST in glyphosate tolerant soybean) or 468 g ai ha-1 of glufosinate plus 1,390 g ai ha-1 of S-metolachlor (at EPOST in
glufosinate tolerant soybean).
c
Burndown plus EPOST plus LPOST: 89 g ai ha-1 of flumioxazin plus 1,680 g ae ha-1 of glyphosate plus 560 g ae ha-1 of 2,4D (at burndown) followed by 867 g ae ha-1 of glyphosate plus 395 g ae ha-1 of fomesafen plus 1,390 g ai ha-1 of S-metolachlor (at
EPOST in glyphosate tolerant soybean) or 468 g ai ha-1 of glufosinate plus 1,390 g ai ha-1 of S-metolachlor (at EPOST in
glufosinate tolerant soybean) followed by 1,260 g ai ha-1 of acetochlor (at LPOST).
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CHAPTER 8. INFLUENCE OF CHLORIMURON, FOMESAFEN, AND
GLYPHOSATE TANK-MIXTURES ON MULTIPLE HERBICIDE-RESISTANT
PALMER AMARANTH (AMARANTHUS PALMERI)

8.1

Abstract

Greenhouse experiments were conducted on four Palmer amaranth accessions from
Indiana to determine if individual plants from within these accessions were resistant to
multiple herbicide sites of action. All plants were genotyped for Trp574Leu, ∆G210, and
amplified 5-enolpyruvylshikimate-3-phosphase synthase (EPSPS) to determine if
previously characterized mutations confer acetolactase synthase (ALS),
protoporphyrinogen oxidase (PPO), and glyphosate resistance to Indiana Palmer
amaranth, respectfully. The Trp574Leu, ∆G210, and amplified EPSPS mutations were not
present in any plants from accession 35. The Trp574Leu and amplified EPSPS mutations
were present in 75 and 38% of plants from accessions 13 and 39, respectively. Moreover,
75 and 33% Palmer amaranth survival occurred when plants were treated with a mixture
of 0.039 plus 2.5 kg ai ha-1 of chlorimuron plus glyphosate, respectively, and both
Trp574Leu and amplified EPSPS mutations were present. All three mutations were present
in 33% of plants from accession 39; however, few plants that were heterozygous for the
Trp574Leu and ∆G210 mutation and also had amplified EPSPS, did not survive to 21
DAT with a treatment of 0.039 plus 1.05 plus 2.5 kg ai ha-1 of chlorimuron plus
fomesafen plus glyphosate. A Colby’s analysis was performed to determine if herbicide
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mixtures were antagonistic, synergistic, or additive. Three-way herbicide-resistant Palmer
amaranth control and biomass reduction was antagonized with mixtures of fomesafen
plus glyphosate and chlorimuron plus fomesafen plus glyphosate. However, control of
two-way herbicide-resistant Palmer amaranth with chlorimuron and glyphosate-resistant
(GR) Palmer amaranth was additive with mixtures of chlorimuron plus glyphosate. All
herbicide mixtures resulted in 100% control of fomesafen or glyphosate-susceptible
Palmer amaranth. The Trp574Leu mutation was not present in 36 to 100% of plants that
survived treatment to chlorimuron. This suggests that different mutation(s) or
mechanism(s) confer ALS resistance in Indiana Palmer amaranth accessions. All plants
that survived treatment of fomesafen and glyphosate contained the ∆G210 deletion and
had 18 or more EPSPS copies, respectively. Overall, results from this experiment suggest
3-way herbicide-resistant Palmer amaranth will be difficult for growers to control
postemergence in soybean, leaving glufosinate as the only postemergence option for
control of an Indiana Palmer amaranth accession in soybean. However, chlorimuron and
glyphosate mixtures provide more control of two-way resistant Palmer amaranth than
chlorimuron or glyphosate alone. Mixtures of systemic herbicides are not antagonistic to
ALS plus glyphosate or ALS plus PPO plus GR Palmer amaranth control. Mixtures of
systemic plus contact herbicides are not recommended for control of ALS, PPO, and GR
Palmer amaranth.
Nomenclature: Chlorimuron; fomesafen; glufosinate; glyphosate; Palmer amaranth,
Amaranthus palmeri S. Wats.
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Keywords: acetolactase synthase (ALS); diphenylether; protoporphyrinogen oxidase
(PPO); 5-enolpyruvylshikimate-3-phosphase synthase (EPSPS); sulfonylurea; target-site
resistance.
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8.2

Introduction

Herbicides are the backbone for weed control in large-scale agriculture production
systems in developed countries. Discovery of many herbicide chemistries that target
unique herbicide sites of action used today were developed from the 1940’s to 1970’s
(Duke 2012). However, poor herbicide stewardship has resulted in the loss of several of
these herbicide chemistries (Beckie 2006; Webster and Sosnoskie 2010). Glyphosate, is a
non-selective herbicide that was developed in 1970 (Franz et al. 1997). In 1996,
transgenic soybean cultivars tolerant to glyphosate were released for commercial use
(Dill et al. 2008). Since 2003, glyphosate-tolerant soybean varieties have been planted
annually to more than 80% of soybean hectares in the U.S. (USDA 2016). This level of
glyphosate use has contributed to numerous weed control failures that has resulted in the
evolution of herbicide resistance (Johnson et al. 2009). Palmer amaranth is a notable
problematic weed that has evolved resistance to glyphosate. In Georgia, 5.0 kg ae ha-1 of
glyphosate resulted in 46% Palmer amaranth control at 4 WAT (Culpepper et al. 2006).
Plants from the same Georgia accession were later confirmed to possess 100 or more 5enolpyruvylshikimate-3-phosphase synthase (EPSPS) copies (Gaines et al. 2010).
Herbicides applied postemergence to crops with minimal to no crop injury and
exhibit a high level of weed control are greatly desired. Fomesafen is a
protoporphyrinogen oxidase (PPO)- inhibiting herbicide that is applied postemergence
for control of Palmer amaranth in soybean. Soybean is transiently effected by fomesafen,
but after 14 days displays marginal phytotoxic effects when applied within label
recommendations (Harris et al. 1991). Soybean plants metabolize acifluorfen, a herbicide
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with the same mode of action as fomesafen, by cleavage of the diphenylether bond into
non-toxic conjugates (Frear et al. 1983). Palmer amaranth resistant to fomesafen was
reported in Arkansas in 2011. Resistant accessions have been found to contain a glycine
amino acid deletion (∆G210) in PPX2L (Salas et al. 2016). Currently, the ∆G210 deletion
is the only known mechanism to confer PPO-resistance in Palmer amaranth and
waterhemp (Amaranthus rudis Sauer) (Salas et al. 2016; Schultz et al. 2015; Wuerffel et
al. 2015).
Chlorimuron is in the sulfonylurea family of acetolactase synthase (ALS) inhibiting
herbicides. Herbicides inhibiting ALS are applied at very low use rates and bind to an
active site only found in plants and microorganisms. However, various mutations in the
ALS active site compromise herbicide binding affinity (Tranel and Wright 2002).
Currently, 28 amino acid substitutions at eight positions on the ALS gene confer
resistance to ALS-inhibiting herbicides (Tranel et al. 2016). Palmer amaranth resistant to
ALS-inhibiting herbicides was first reported in Kansas in 1993 and has since been
documented in 11 other states (Heap 2016).
Use of pre-mix formulations that contain more than one herbicide site of action has
become popular since the spread of glyphosate-resistant (GR) weeds (Green 2014;
Spaunhorst and Johnson 2016). Herbicide mixtures have also been shown to control
problematic weeds such as common waterhemp, giant ragweed (Ambrosia trifida L.), and
Palmer amaranth (Meyer et al. 2015; Spaunhorst et al. 2014). Although, some herbicide
mixtures have been shown to negatively affect weed efficacy. Starke and Oliver (1998)
reported up to 16% reduction in Palmer amaranth control with mixtures of 0.42 kg ai ha-1
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of fomesafen plus 0.42 kg ai ha-1 of glyphosate at 4 WAT. However, mixtures of 0.009
kg ai ha-1 of chlorimuron plus 0.42 kg ai ha-1 of glyphosate increased Palmer amaranth
control 10% more than 0.42 kg ai ha-1 of glyphosate applied alone at 4 WAT. Shaw and
Arnold (2002) evaluated a variety of weed species and reported mixtures of 0.24 kg ai ha1

of fomesafen plus glyphosate applied at rates from 0.28 to 1.12 kg ae ha-1 did not

antagonize broadleaf signalgrass (Urochloa platyphylla (Nash) R.D. Webster),
johnsongrass [Sorghum halepense (L.) Pers.], hemp sesbania [Sesbania punicea (P. Mill.)
McVaugh] or pitted morningglory (Ipomoea lacunosa L.) fresh weight at 4 WAT.
However, a mixture of two systemic herbicides, 0.0087 kg ai ha-1 of chlorimuron plus
1.12 kg ae ha-1 of glyphosate, reduced pitted morningglory fresh weight by 24%
compared to the expected value. In a different study, Pline et al. (2002) reported at one
location a mixture of 0.017 kg ai ha-1 of cloransulam-methyl plus 0.28 kg ai ha-1 of
fomesafen resulted in 23 and 71% more prickly sida (Sida spinosa L.) control than a
single treatment of 0.28 kg ai ha-1 of fomesafen and 0.017 kg ai ha-1 of cloransulammethyl at 8 WAT, respectively.
Herbicide mixtures are generally more effective in providing consistent weed
control and also control a larger spectrum of weed species. However, many commonly
used herbicide mixtures in soybean contain active ingredients that Palmer amaranth is
resistance to. The efficacy of multiple herbicide-resistant Palmer amaranth treated with
herbicide mixtures is unknown. The objective of this experiment was to genotype plants
to determine if accessions contain previously characterized herbicide resistance
mutations: Trp574Leu, ∆G210, and amplified EPSPS copy number; that confirm ALS,
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PPO, and glyphosate resistance, respectively. The second objective was to determine if
herbicide mixtures were additive, antagonistic, or synergistic to multiple herbicideresistant Palmer amaranth.

8.3
8.3.1

Materials and Methods
Palmer amaranth Accessions

In 2013 and 2014 a total of 41 Palmer amaranth accessions were collected across
Indiana. The Azlin accession was purchased from Azlin Seed Services (Leland, MS
38756). Location and cropping systems of Palmer amaranth used in this experiment are
presented in Table 8.1. Whole-plant greenhouse and molecular assays were conducted to
determine if accessions were resistant or sensitive to the herbicides: chlorimuron,
fomesafen, and glyphosate. Preliminary greenhouse results showed that accessions 35
and Azlin were not completely controlled by chlorimuron, but was sensitive to fomesafen
and glyphosate applied alone. Chlorimuron and glyphosate applied alone failed to control
accessions 13 and 39. However, fomesafen provided complete control of accession 13,
but did not control all plants from accession 39. A molecular assay to confirm the
Trp574Leu mutation which is commonly associated with acetolactase synthase (ALS)
resistance was performed. A portion of plants from accessions 13 and 39 were confirmed
to contain the Trp574Leu mutation, but no plants in accession 35 had the mutation.
Similarly, molecular assays testing for increases EPSPS copy number and the ∆G210
deletion that confers glyphosate and PPO-resistance were performed, respectively.
Increased EPSPS copy number was present in accessions 13 and 39, but 1 EPSPS copy
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was present in all plants from accession 35. The ∆G210 deletion was confirmed in
accession 39; however, was not present in accessions 13 and 35.

8.3.2

Tank-Mixture Experiment

Palmer amaranth seeds were germinated on a 28 by 55 by 2 cm 200 square plasticplug tray filled with potting media and covered with clear plastic lids for 40 hr in the
greenhouse. Greenhouse temperatures were maintained from 23 to 30 C and plants were
exposed to supplemental lighting with a 16 hr photoperiod with 430-W sodium lighting
providing 250 μmol m-2 s-1 of supplemental photosynthetic active radiation. A single plant
at the two true-leaf stage was transplanted into 10 cm2 pots filled with equal proportions
of soil, sand, and potting media and fertilized bi-weekly (Miracle-Gro® Water Soluble
All Purpose Plant Food (24-8-16), Scotts Miracle-Gro Products Inc., Marysville, OH).
Ten plants from each accession were treated with 0.039 kg ai ha-1 of chlorimuron
(Classic® DuPont Crop Protection, Wilmington, DE), 1.05 kg ai ha-1 of fomesafen
(Flexstar®, Syngenta Crop Protection LLC, Greensboro, NC), and 2.5 kg ae ha-1 of
glyphosate (Touchdown Hi-Tech®, Syngenta Crop Protection LLC, Greensboro, NC)
applied alone and in all possible combinations. All treatments included 0.25% (v/v) nonionic surfactant plus 2.9 kg ai ha-1 of ammonium sulfate (N-Pak AMS® 3.4L, Winfield
Solutions, St. Paul, MN). Ten additional plants from each accession were used as
nontreated checks. Prior to herbicide treatment plants were sorted by height within
replication. The tallest plants were arranged in replication one and shorter plants were
placed in replication ten. Plant height across all accessions was similar. Plants were
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sprayed in a single-track spray chamber with an 8002E nozzle (TeeJet, Spraying Systems
Co., Wheaton, IL) with a carrier volume of 140 L ha-1 at a pressure of 207 kPa. Plants
were returned to the greenhouse after treatment application.
At 21 DAT, Palmer amaranth control was visually assessed on a scale from 0 (no
injury) to 100% (complete control). Each plant was further rated as alive (green and red
tissue) or dead (no green or red tissue). After visually assessing Palmer amaranth control,
plants were harvested by clipping the stem 1 cm above the soil surface. Above ground
biomass was dried for 14 d in a forced air dryer set at 38 C and dry weights were
recorded. Plant dry weights were converted to a percentage of the nontreated check
within each replication. During the experiment plants were arranged in a complete block
design. The experiment was conducted twice.

8.3.3

DNA Extraction

Prior to herbicide treatment newly emerged leaf tissue was removed from each
plant for a total of 400 DNA extractions per experimental run to be genotyped for
herbicide resistance. Plants treated with a single herbicide were tested for the single
mutation of interest. However, plants treated with multiple herbicides (i.e. fomesafen and
glyphosate) were tested (∆G210 deletion and increased EPSPS copy number) for multiple
herbicide resistance mutations. The ratio of nRFU of PPX2L to nRFU of ∆PPX2L
generated from the quantitative real-time polymerase chain reaction (qPCR) was used to
determine homozygous-resistant, heterozygous, and homozygous-susceptible plants to
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fomesafen. Similarly, the ratio of nRFU of Trp574 to nRFU of Leu574 determined if plants
were homozygous-resistant, heterozygous, or homozygous-susceptible to chlorimuron.

8.3.4

Statistical Analysis

A two way t-test procedure (PROC TTEST) in SAS (version 9.3; SAS Institute;
100 SAS Campus Dr., Cary, NC 27513-2414) was performed to compare observed and
expected control and biomass reduction values. Colby’s (1967) method was conducted to
determine if 2-way (Equation 1) and 3-way (Equation 2) herbicide mixtures were
additive, antagonistic, or synergistic. The equation used for calculating the expected
𝑋𝑌

response for 2-way mixtures was: 𝐸 = 𝑋 + 𝑌 − 100 [1] and for 3-way mixtures: 𝐸 = 𝑋 +
𝑌+𝑍−

(𝑋𝑌+𝑋𝑍+𝑌𝑍)
100

𝑋𝑌𝑍

+ 10,000 [2] where E is the expected biomass reduction as a

percentage of the nontreated check or expected visually assessed control, and X, Y, and Z
represent the biomass reduction or visually assessed control from the two or three
herbicides applied alone. Herbicide combinations were considered antagonistic if
observed control or biomass reduction was lower than the expected value and synergistic
if observed values were greater than expected values when P ≤ 0.05. Mixtures were
additive if observed and expected values were similar P ≥ 0.05.

8.4
8.4.1

Results and Discussion

Accession 13 (Chlorimuron- and Glyphosate-Resistant)

Palmer amaranth control and biomass reduction at 21 DAT with 0.039 kg ai ha-1 of
chlorimuron was 18 and 19%, respectively, and more than 90% of plants were alive
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(Table 8.2 and Figure 8.1A). Glyphosate applied at 2.5 kg ae ha-1 resulted in 54 and 62%
control and biomass reduction, respectively, and more than 80% of plants were alive at
21 DAT. Results from preliminary experiments suggest that accession 13 was susceptible
to 1.05 kg ai ha-1 of fomesafen. At 21 DAT, results from this experiment confirm that
accession 13 was susceptible to fomesafen (100% control and 94% biomass reduction)
and all plants were dead. Complete (100%) Palmer amaranth control did not equate to
100% biomass reduction. Carcasses of dead Palmer amaranth plants usually equated to
94 to 98% biomass reduction. All mixtures with fomesafen resulted in 100% control and
94% biomass reduction or more.
Results from the Colby analysis suggest Palmer amaranth control and biomass
reduction was additive with mixtures of chlorimuron plus glyphosate and supports
previous results reported by Starke and Oliver (1998). However, biomass reduction
results from mixtures of fomesafen plus glyphosate and chlorimuron plus fomesafen plus
glyphosate were antagonistic (Table 8.2). Despite antagonism from these mixtures, as
was observed with Palmer amaranth biomass reduction, all mixtures that contained
fomesafen resulted in 100% control.
All plants were tested for one or more herbicide resistance mutation(s) in this
experiment. More than 60% of plants from accession 13 that survived chlorimuron
treatment possessed the Trp574Leu mutation (Figure 8.2A). Therefore, the Trp574Leu
mutation is not the only mutation that confers ALS resistance in Palmer amaranth. Tranel
et al. (2016) reported Palmer amaranth with a Ser653Asn mutation also confers ALS
resistance. It is also possible that non-target site resistance mechanisms are responsible
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for ALS resistance in this accession. Plants positive for the Trp574Leu mutation were
more likely to have alleles that were heterozygous (60 to 82%) than homozygous (18 to
40%) (Figure 8.3A). In Illinois waterhemp accessions, the Trp574Leu mutation is one
mutation commonly associated with ALS resistance. However, two additional mutations
also confer ALS resistance in waterhemp (Ser653Asn and Ser653Thr) (Patzoldt and Tranel
2007). Increased EPSPS copy number was the only mechanism tested to confirm
glyphosate resistance and is a common approach for determining glyphosate resistance in
Palmer amaranth (Sammons and Gaines 2014). All plants that survived a treatment of
glyphosate alone had more than 43 EPSPS copies (data not shown). However,
approximately 5% of plants exhibiting high EPSPS copy number (>41) were dead at 21
DAT when treated with 2.5 kg ae ha-1 of glyphosate (Figures 8.1A and 8.4A). Further
research investigating why plants with high EPSPS copy number died needs to be
conducted. The proportion of plants with 81 or more EPSPS copies were generally
greater than the proportion of plants with few EPSPS copies. One possibility for a higher
proportion of plants with >81 EPSPS could be that accession 13 was exposed to
glyphosate for a longer period of time and glyphosate selected for plants with higher
EPSPS copies. Chatham et al. (2015) reported GR waterhemp plants that survived 3.36
kg ae ha-1 of glyphosate had an average of three EPSPS copies. In the same study, plants
that survived 0.42 kg ae ha-1 of glyphosate had an average of two EPSPS copies.
Amplification of EPSPS is one of many GR mechanisms reported in waterhemp
(Chatham et al. 2015; Schultz et al. 2015). The ∆G210 mutation was not present in any
plants treated with fomesafen alone or in mixtures (Figure 8.5A).
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8.4.2

Accession 35 (Chlorimuron-, Fomesafen-, and Glyphosate-Susceptible)

No more than 30% of Plants were alive at 21 DAT with 0.039 kg ai ha-1 of
chlorimuron (Figure 1B). Plants that were alive at 21 DAT were severely damaged and
stunted. Chlorimuron alone resulted in 96 and 90% control and biomass reduction at 21
DAT, respectively. Moreover, 100% Palmer amaranth control and 95 to 98% biomass
reduction was achieved with fomesafen or glyphosate applied alone or in mixtures. All
herbicide mixtures were antagonistic with respect to Palmer amaranth biomass reduction,
but not percent control (Table 8.2). The conclusion that all mixtures antagonized percent
plant biomass reduction has little impact, because all plants were dead at 21 DAT and
achieving 99 to 100% biomass reduction is unrealistic.
The Trp574Leu mutation did not explain Palmer amaranth survival to chlorimuron
because no alive plants possessed the mutation (Figure 8.2B). Moreover, of the 80 plants
tested for the Trp574Leu mutation, results from qPCR did not show any plants possessing
the mutation (Figure 8.3B). No plants possessed the ∆G210 deletion and one EPSPS copy
were found in all plants (Figures 8.4B and 8.5B).

8.4.3

Accession 39 (Chlorimuron-, Fomesafen-, and Glyphosate-Resistant)

Three-way herbicide mixtures failed to control all Palmer amaranth plants from
accession 39 (Figure 8.6). Palmer amaranth were controlled no more than 67, 93, and
88% with chlorimuron, fomesafen, and glyphosate applied alone, respectively (Table
8.2). Biomass reduction relative to the nontreated check was 61, 91, and 82% with
chlorimuron, fomesafen, and glyphosate applied alone, respectively. Multiple herbicide-
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resistant Palmer amaranth was reported in Arkansas in 2011. The Arkansas accession
exhibited resistance to fomesafen and two ALS-inhibiting herbicides: pyrithiobac and
trifloxysulfuron (Salas et al. 2016).
Herbicide mixtures were either additive or antagonistic for Palmer amaranth control
at 21 DAT and never exceeded 96%. All mixtures were antagonistic for biomass
reduction and peaked at 91%. Fomesafen plus glyphosate mixtures antagonized Palmer
amaranth control and biomass reduction 6 and 7% from expected values, respectively. A
3-way mixture of chlorimuron plus fomesafen plus glyphosate antagonized control and
biomass reduction 13 and 11% when compared to expected values. However,
chlorimuron plus fomesafen and chlorimuron plus glyphosate mixtures were additive
with respect to Palmer amaranth control. Herbicide mixtures were considered to be
synergistic or antagonistic when P ≤ 0.05. Chlorimuron plus fomesafen mixtures were not
considered to be antagonistic to Palmer amaranth control because P = 0.0527; however,
the null hypothesis was nearly rejected. Therefore, it is likely that a treatment of contact
plus systemic herbicides (chlorimuron plus fomesafen) applied to PPO-resistant Palmer
amaranth will not provide complete control and possibly result in antagonism. Nandula et
al. (2012) found that 0.06 kg ai ha-1 of flumiclorac, a PPO-inhibiting herbicide, mixed
with 0.84 kg ae ha-1 of glyphosate antagonized GR Palmer amaranth control 23% or more
and reduced glyphosate translocation by 19 and 36% at 24 and 48 HAT, respectively.
Some researchers suggest fomesafen plus glyphosate mixtures are beneficial for control
of other weed species. Shaw and Arnold (2002) reported 30 and 68% more fresh weight
biomass reduction of hemp sesbania and pitted morningglory, respectively, at 28 DAT
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with mixtures of 0.24 kg ai ha-1 of fomesafen plus 1.12 kg ae ha-1 of glyphosate compared
to 1.12 kg ae ha-1 of glyphosate alone.
All plants that survived the single treatment of fomesafen and glyphosate contained
the ∆G210 deletion and exhibited high EPSPS copy (>18 EPSPS copies), respectively
(data not shown). However, only 40% of plants that survived the chlorimuron treatment
possessed the Trp574Leu mutation (Figure 8.2C). Most plants with the Trp574Leu mutation
were heterozygous (73 to 94%), while only 6 to 27% were homozygous-resistant (Figure
3C). Similarly, a high percentage (79 to 85%) of plants with the ∆G210 deletion were
heterozygous, compared to only 15 to 21% of plants that were homozygous-resistant
(Figure 8.5C). The ∆G210 deletion confers PPO resistance to Palmer amaranth and a
similar species, common waterhemp (Patzoldt et al. 2006; Salas et al. 2016). Palmer
amaranth EPSPS copy number varied greatly from plant to plant. No more than 5% of
plants had 2 to 20 EPSPS copies. Plants with 21 to 40 EPSPS copies represented 12 to
25%, 41 to 60 EPSPS copies represented 20 to 33%, 61 to 80 EPSPS copies represented
10 to 25%, and plants with more than 81 EPSPS copies comprised of 28 to 40% of total
plants sampled (Figure 8.4C). The proportion of EPSPS copy numbers in this accession
appear to be more equally distributed across designated groups of EPSPS copy number.
This observation may imply that accession 39 is under earlier selection for increasing
EPSPS copy number, while accession 13 displays a greater proportion of plants with >81
EPSPS copies. However, determining the duration of glyphosate selection is challenging
without field history data.
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8.4.4

Azlin Accession (Chlorimuron-Resistant)

Fomesafen and glyphosate applied alone and any mixture containing chlorimuron,
fomesafen, or glyphosate resulted in 100% control and 95% or more Palmer amaranth
biomass reduction. However, control and biomass reduction in response to chlorimuron
alone was 31 and 23%, respectively (Table 8.2). Results from the Colby analysis suggest
that Palmer amaranth biomass reduction was antagonized with mixtures of fomesafen
plus glyphosate and chlorimuron plus fomesafen plus glyphosate, despite 100% Palmer
amaranth control.
Nearly 95% of Palmer amaranth treated to chlorimuron were alive at 21 DAT
(Figure 8.1D). More than 40% of plants from the Azlin accession that survived treatment
to chlorimuon did not contain the Trp574Leu mutation (Figure 8.2D). Similar observations
were reported with all other accessions in this experiment. Plants heterozygous for the
Trp574Leu mutation ranged from 71 to 100% (Figure 8.3D). No more than 29% tested
were homozygous-resistant for the Trp574Leu mutation. It is unclear why a high
proportion of plants exhibited heterozygous alleles for the Trp574Leu mutation in all
accessions. It is possible a fitness penalty is associated with homozygous plants and
therefore why more plants were heterozygous than homozygous-resistant. Menchari et al.
(2008) reported acetyl-coenzyme A carboxylase- (ACCase) resistant black-grass
(Alopecurus myosuroides) homozygous for Gly2078 produced 38% less biomass than
heterozygous plants. All plants tested for glyphosate resistance had 1 EPSPS copy and no
plants in the Azlin accession possessed the ∆G210 deletion (Figures 8.4D and 8.5D).
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8.4.5 Practical Implications
The spread of Palmer amaranth seed within Indiana is likely to occur, given that the
weed is already present in the northern and southern regions. Multiple herbicide-resistant
Palmer amaranth accessions are present in Indiana fields. Although few accessions are
susceptible to glyphosate, the dioecious nature of the plant allows for glyphosate
resistance to quickly spread to fields with Palmer amaranth that have no history of
glyphosate use. Chlorimuron plus glyphosate mixtures treated to two- or three-way
herbicide-resistant Palmer amaranth can result in additional control. However, mixing
fomesafen with chlorimuron plus glyphosate will antagonize control of 3-way herbicideresistant Palmer amaranth. Thus, management strategies that include multiple herbicide
mixtures applied pre and post crop emergence, tillage, cover crops, hand weeding, and
establishing crops that canopy rapidly will be important for successful management of
multiple herbicide-resistant Palmer amaranth. Currently, glufosinate is the only
postemergence option for control of an Indiana Palmer amaranth accession in soybean.
The sustainability of glufosinate and future herbicide-resistant cropping technologies are
threatened by multiple herbicide-resistant Palmer amaranth because only one or two sites
of action are likely to be effective on those accessions.
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Table 8.1: Location and cropping system of fields where Palmer amaranth were
collected.a
Coordinates
Cropping
system at
collection
Accession
County
State
Latitude
Longitude
13
Cass
IN
Soybean
40.86602
-86.20625
35
Washington
IN
Melon
38.75515
-86.06483
39
Daviess
IN
Soybean
38.85789
-87.08748
Azlinb
Unknown
a
Indiana Palmer amaranth accessions were collected in fall 2013 and 2014.
b
The susceptible accession was previously characterized to be susceptible to 0.860
kg ae ha-1 of glyphosate applied to 12 cm tall plants and was purchased from Azlin
Seed Services.
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Table 8.2: Visual Palmer amaranth control and biomass reduction estimates 21 DAT of chlorimuron, fomesafen, and glyphosate
applied alone and in tank-mixtures.ab
Biomass
Pop
Herbicide
Rate
Control
P-value
reduction P-value
-1
kg ae or ai ha
%
%
13
Chlorimuron
0.039
18
───
19
───
Fomesafen
1.05
100
───
94
───
Glyphosate
2.52
54
───
62
───
Chlorimuron plus fomesafen
0.039 plus 1.05
100(100)
1.000
95(95)
0.8338
Chlorimuron plus glyphosate
0.039 plus 2.52
59(63)
0.67
70(69)
0.9216
Fomesafen plus glyphosate
1.05 plus 2.52
100(100)
1.000
95(98) ─
0.0001
Chlorimuron plus fomesafen plus
glyphosate
0.039 plus 1.05 plus 2.52 100(100)
1.000
94(98) ─
0.0001
35

39

0.039
1.05
2.52
0.039 plus 1.05
0.039 plus 2.52
1.05 plus 2.52

96
100
100
100(100)
100(100)
100(100)

───
───
───
1.000
1.000
1.000

90
96
96
98(100) ─
95(99) ─
96(100) ─

───
───
───
0.0019
0.0001
0.0001

0.039 plus 1.05 plus 2.52

100(100)

1.000

96(100) ─

0.0001

Chlorimuron
Fomesafen
Glyphosate

0.039
1.05
2.52

67
93
88

───
───
───

61
91
82

───
───
───
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Chlorimuron
Fomesafen
Glyphosate
Chlorimuron plus fomesafen
Chlorimuron plus glyphosate
Fomesafen plus glyphosate
Chlorimuron plus fomesafen plus
glyphosate
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Chlorimuron plus fomesafen
Chlorimuron plus glyphosate
Fomesafen plus glyphosate
Chlorimuron plus fomesafen plus
glyphosate

0.039 plus 1.05
0.039 plus 2.52
1.05 plus 2.52

94(98)
96(97)
92(98) ─

0.0527
0.4176
0.0133

91(97) ─
88(93) ─
91(98) ─

0.0009
0.0116
0.0001

0.039 plus 1.05 plus 2.52

87(100) ─

0.0008

88(99) ─

0.0001

Chlorimuron
0.039
31
───
23
───
Fomesafen
1.05
100
───
96
───
Glyphosate
2.52
100
───
95
───
Chlorimuron plus fomesafen
0.039 plus 1.05
100(100)
1.000
96(97)
0.3308
Chlorimuron plus glyphosate
0.039 plus 2.52
100(100)
1.000
95(96)
0.1957
Fomesafen plus glyphosate
1.05 plus 2.52
100(100)
1.000
96(100) ─ 0.0001
Chlorimuron plus fomesafen plus
glyphosate
0.039 plus 1.05 plus 2.52 100(100)
1.000
96(100) ─ 0.0001
a
+ denotes synergism and ─ denotes antagonism according to the t-test procedure (0.05) in SAS in comparison of the
observed value with the expected response calculated from Colby (1967). Herbicide mixtures were considered additive if P >
0.05.
b
Number in parenthesis represents expected value according to Colby’s method (1967).
Azlin
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Figure 8.1: Proportion of dead and alive Palmer amaranth plants at 21 DAT. Plants were
considered dead if no green or red tissue was present and alive if any plant tissue was
green or red. Chlorimuron, fomesafen, and glyphosate were applied alone or in mixtures
at 0.039, 1.05, and 2.5 kg ai or ae ha-1, respectfully. Accession 13 (A), accession 35 (B),
and accession 39 (C) were collected from Indiana. The glyphosate-susceptible accession,
Azlin (D) is from Azlin Seed Services.
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Figure 8.2: Proportion of alive plants at 21 DAT with no, one, two, or three herbicideresistant mutations. The Trp574Leu mutation was tested for acetolactase synthase (ALS)resistance, ∆G210 amino acid deletion in PPX2L for protoporphyrinogen oxidase (PPO)resistance, and increased EPSPS copy number for glyphosate-resistance for their
respective single and multiple herbicide mixtures. Chlorimuron, fomesafen, and
glyphosate were applied alone or in mixtures at 0.039, 1.05, and 2.5 kg ai or ae ha-1,
respectfully. Accession 13 (A), accession 35 (B), and accession 39 (C) were collected
from Indiana. The glyphosate-susceptible accession, Azlin (D) is from Azlin Seed
Services.
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Figure 8.3: Proportion of Palmer amaranth plants without Trp574Leu mutation and
heterozygous or homozygous for the Trp574Leu mutation. Plants were treated with
chlorimuron alone or in mixtures that contained fomesafen, glyphosate, and fomesafen
plus glyphosate. Black bars represent no Trp574Leu mutation, light grey bars represent
plants heterozygous for the Trp574Leu mutation, and dark grey bars represent plants
homozygous for the Trp574Leu mutation. DNA was extracted from 10 plants per
herbicide treatment per run. Chlorimuron, fomesafen, and glyphosate were applied alone
or in mixtures at 0.039, 1.05, and 2.5 kg ai or ae ha-1, respectfully. Accession 39
contained 20 plants per herbicide treatment per run. Accession 13 (A), accession 35 (B),
and accession 39 (C) were collected from Indiana. The glyphosate-susceptible accession,
Azlin (D) is from Azlin Seed Services.
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Figure 8.4: Proportion of Palmer amaranth plants with 1 or more EPSPS copy. Plants
were treated with glyphosate alone or in mixtures that contained chlorimuron, fomesafen,
and chlorimuron plus fomesafen. Black bars represent plants with 1 EPSPS copy, light
gray bars with lines represent 2 to 21 EPSPS copies, medium gray bars represent 21 to 40
EPSPS copies, light grey bars with fine lines represent 41 to 60 EPSPS copies, dark grey
bars represent plants with 61 to 80 EPSPS copies, and medium gray bars with coarse
lines represent plants with 81 or more EPSPS copies. DNA was extracted from 10 plants
per herbicide treatment per run. Accession 39 contained 20 plants per herbicide treatment
per run. Chlorimuron, fomesafen, and glyphosate were applied alone or in mixtures at
0.039, 1.05, and 2.5 kg ai or ae ha-1, respectfully. Accession 13 (A), accession 35 (B), and
accession 39 (C) were collected from Indiana. The glyphosate-susceptible accession,
Azlin (D) is from Azlin Seed Services.
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Figure 8.5: Proportion of Palmer amaranth plants with or without glycine 210th amino
acid deletion. Plants were treated with fomesafen alone or in mixtures that contained
chlorimuron, glyphosate, and chlorimuron plus glyphosate. Black bars represent no
glycine 210th amino acid deletion, light grey bars represent plants heterozygous, and dark
grey bars represent plants homozygous for the glycine 210th amino acid deletion. DNA
was extracted from 10 plants per herbicide treatment per run. Accession 39 contained 20
plants per herbicide treatment per run. Chlorimuron, fomesafen, and glyphosate were
applied alone or in mixtures at 0.039, 1.05, and 2.5 kg ai or ae ha-1, respectfully.
Accession 13 (A), accession 35 (B), and accession 39 (C) were collected from Indiana.
The glyphosate-susceptible accession, Azlin (D) is from Azlin Seed Services.
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Douglas John Spaunhorst
Personal Vita
I was born September 18, 1988 in Washington, MO. In my youth, I was surrounded
by agriculture and had a passion for being outdoors. Since both my parents grew up on
farms they wanted to instill those values on their children the best they could. I showed
hogs at the Washington Town and Country Fair from the age of 8 until I aged out at 18.
My three brothers and I were also active in picking blackberries, raspberries, and
strawberries that our mom would sell to clients at the Bank of Washington. Pulling weeds
was a task that none of us enjoyed, but needed to be done. My interest in controlling
weeds with alternative means (other than my two hands) began here. I graduated from
Washington High School in May, 2007. Throughout high school I was active in 4-H,
FFA, and worked part-time at Geisert Farms. I graduated from East Central College in
2009 with an associate’s degree in Biology. In August 2009, I transferred to the
University of Missouri-Columbia where I majored in Plant Sciences with an emphasis in
crop management. Shortly after, I began working as an undergraduate research assistant
in Dr. Kevin Bradley’s weed science program. I graduated in 2011 and began a Master of
Science degree in Plant, Insect, and Microbial Sciences under the direction of Dr. Kevin
Bradley. Part way through my Master’s degree I met my wife, Megan Sparks, in 2012
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and we were married on June 6, 2015. In May, 2013 I graduated from the University of
Missouri-Columbia and moved to West Lafayette, Indiana to pursue a Ph.D. degree in
weed science under Dr. Bill Johnson. I will be graduating in December, 2016 and the
future is wide open.

Professional Vita
Education
Ph.D. in Botany and Plant Pathology – Weed Science, Purdue University,
Expected: Dec. 2016, GPA: 3.38
Dissertation: Biology and Management of Palmer amaranth (Advisor: Dr.
William G. Johnson)
M.S. in Crop, Soil, and Pest Management – Weed Science, University of MissouriColumbia, May 2013, GPA: 3.726
Thesis: Utilization of Dicamba for the Control of Glyphosate-Resistant Giant
Ragweed and Waterhemp (Advisor: Dr. Kevin W. Bradley)
B.S. in Plant Science – Crop Management, magna cum laude, University of
Missouri-Columbia, May 2011, GPA: 3.71
Employment
2013 – Present

Graduate Research Assistant
Botany and Plant Pathology, Purdue University
Responsibilities: Design, conduct, & analyze field and greenhouse
research related to herbicide-resistant Palmer amaranth (Amaranthus palmeri S.
Wats), present research at regional and national conferences. Publish research
in peer-reviewed journals. Coordinate lab project needs and manage up to 6
people to complete off-site research projects efficiently to minimize travel
expenses. Train new students on safe and sanitary herbicide mixing techniques
and daily duties. Assist in setup, data collection, and treatment application for
industry sponsored field trials.
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2011 – 2013

Graduate Research Assistant
Division of Plant Sciences, University of Missouri-Columbia
Responsibilities: Conduct research related to Roundup Ready Extend® traited
soybean for control of glyphosate-resistant waterhemp (Amaranthus rudis
Sauer) and giant ragweed (Ambrosia trifida), data collection, manage trials,
present research at regional and national conferences. Publish research in peerreviewed journals. Safe application of herbicide treatments and scout industry
sponsored field experiments for future treatment.

2009 – 2011

Undergraduate Research Assistant
Division of Plant Sciences, University of Missouri-Columbia
Responsibilities: Assist supervisors in day-to-day research tasks and work
independently to complete projects in a timely manner. Inform supervisors about
equipment issues, modifications for improved performance, and needs for future
use.

2010

Production Research Intern
Monsanto Company, Williamsburg, IA.
Responsibilities: Independently collect data for roundup hybridization systems
(RHS) projects and report inbred abnormality, assist in trial layout and
application of herbicides. Ensure all tasks are being perform safely and manage
2 student assistants.

Publications
Devkota PD, Spaunhorst DJ, Johnson WG (2016) Influence of Carrier Water pH,
Hardness, Foliar Fertilizer, and Ammonium Sulfate on Mesotrione Efficacy.
DOI:http://dx.doi.org/10.1614/WT-D-16-00019.1
Spaunhorst DJ, Johnson WG (2016) Palmer amaranth (Amaranthus palmeri)
Control with Pre-plant Herbicide Programs Containing Dicamba, Isoxaflutole,
and 2,4-D. DOI:10.2134/cftm2015.0158.0209
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Meyer CJ, Norsworthy JK, Young BG, Steckel LE, Bradley KW, Johnson WG, Loux
MM, Davis VM, Kruger GR, Bararpour MT, Ikley JT, Spaunhorst DJ, Butts TR
(2016) Early-Season Palmer amaranth and waterhemp control from
preemergence programs utilizing 4-hydroxyphenylpyruvate dioxygenaseinhibiting and auxinic herbicides in soybean. Weed Technol 30:67-75
Meyer CJ, Norsworthy JK, Young BG, Steckel LE, Bradley KW, Johnson WG, Loux
MM, Davis VM, Kruger GR, Bararpour MT, Ikley JT, Spaunhorst DJ, Butts TR
(2015) Herbicide Program Approaches for Managing Glyphosate-Resistant
Palmer Amaranth (Amaranthus palmeri) and Waterhemp (Amaranthus
tuberculatus and Amaranthus rudis) in Future Soybean-Traited Technologies.
Weed Technol. 29:716-729
Spaunhorst DJ, Siefert-Higgins S, Bradley KW (2014) Glyphosate-Resistant Giant
Ragweed (Ambrosia trifida) and Waterhemp (Amaranthus rudis) Management in
Dicamba-Resistant Soybean (Glycine Max). Weed Technol. 28:131-141
Spaunhorst DJ, Bradley KW (2013) Influence of Dicamba and Dicamba plus
Glyphosate Combinations on the Control of Glyphosate-Resistant Waterhemp
(Amaranthus rudis). Weed Technol. 27:675-681

Abstracts and Proceedings
Gibson DJ, Young BG, Matthews JL, Franca L, Schwartz LM, Johnson WG,
Spaunhorst DJ, Smeda RJ, Martin HM, Norsworthy JK, Steckel LM.
Disturbance and the Timing of Seedling Emergence Amaranthus palmeri Across
Five US States. ESA Abstr. COS 26-5 (Aug 2016)
Spaunhorst DJ, Johnson WG. Confirmation of Protoporphyrinogen Oxidase
Resistance in an Indiana Palmer amaranth (Amaranthus palmeri) Population.
Weed Sci. Soc. Am Abstr. 216. [CD-ROM Computer FIle]. Weed Sci. Soc. Am.
(Feb 2016)
Spaunhorst DJ, Johnson WG. Control of Palmer amaranth (Amaranthus palmeri)
with Residual Herbicides Plus Cover Crops in Soybean. Weed Sci. Soc. Am
Abstr. 77. [CD-ROM Computer FIle]. Weed Sci. Soc. Am. (Feb 2016)
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Spaunhorst DJ, Johnson WG. Palmer amaranth (Amaranthus palmeri) Control with
Soil-Applied Herbicide Programs which Contain Dicamba, Isoxaflutole, and 2,4D. Weed Sci. Soc. Am Abstr. 140. [CD-ROM Computer FIle]. Weed Sci. Soc.
Am. (Dec 2015)

Spaunhorst DJ, Johnson WG. Cover Crops: Do they Really Contribute to the
Control of Palmer amaranth (Amaranthus palmeri)? Weed Sci. Soc. Am Abstr.
79. [CD-ROM Computer FIle]. Weed Sci. Soc. Am. (Dec 2015)
Spaunhorst DJ, Johnson WG. Biological Response of Foreign Palmer Amaranth
(Amaranthus palmeri) Biotypes in Indiana. Weed Sci. Soc. Am Abstr. 121. [CDROM Computer FIle]. Weed Sci. Soc. Am. (Dec 2014)
Spaunhorst DJ, Johnson WG. Cover Crops and Herbicide Programs for
Management of Palmer Amaranth (Amaranthus palmeri) in Soybean Systems
Resistant to Glyphosate and Glufosinate. Weed Sci. Soc. Am Abstr. 30. [CDROM Computer FIle]. Weed Sci. Soc. Am. (Dec 2014)
Spaunhorst DJ, Johnson WG. Characterization of an Indiana Palmer Amaranth
(Amaranthus palmeri) Resistant to Glyphosate. Weed Sci. Soc. Am Abstr. 51.
[CD-ROM Computer File]. Weed Sci. Soc. Am. (Dec 2013)
Spaunhorst DJ, Johnson WG. Influence of Emergence Timing on the Vegetative
and Reproductive Development of Palmer Amaranth (Amaranthus palmeri) in
Indiana. Weed Sci. Soc. Am Abstr. 114. [CD-ROM Computer File]. Weed Sci.
Soc. Am. (Dec 2013)
Spaunhorst DJ, Seifert-Higgins S, Mayo CM, Riley EB, Bradley KW. Programs for
the Management of Glyphosate-Resistant Waterhemp and Giant Ragweed in
Dicamba-Resistant Soybean. Weed Sci. Soc. Am Abstr. 106. [CD-ROM
Computer File]. Weed Sci. Soc. Am., Lawrence, KS. (Dec 2012)
Bradley KW, Spaunhorst DJ, Seifert-Higgins S. Management of Glyphosateresistant Waterhemp and Giant Ragweed with Dicamba in Dicamba-resistant
Soybeans. Weed Sci. Soc. Am Abstr. 203. [CD-ROM Computer File]. Weed Sci.
Soc. Am., Lawrence, KS. (Feb 2012)
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Riley EB, Spaunhorst DJ, Craigmyle BD, Legleiter TR, Wait JD, Bradley KW.
Evaluation of Preplant Herbicide Options for the Control of GlyphosateResistant Giant Ragweed (Ambrosia trifida) in Glyphosate- and GlufosinateResistant Soybeans. Weed Sci. Soc. Am Abstr. 199. [CD-ROM Computer File].
Weed Sci. Soc. Am., Lawrence, KS. (Feb 2012)
Spaunhorst DJ, Seifert-Higgins S, Riley EB, Craigmyle BD, Legleiter TR, Wait JD,
Bradley KW. Investigations of the Timing of Sequential Dicamba Applications of
Glyphosate-Resistant Giant Ragweed and Waterhemp. Weed Sci. Soc. Am.
Abstr. 253. [CD-ROM Computer File]. Weed Sci. Soc. Am., Lawrence, KS. (Feb
2012)
Riley EB, Spaunhorst DJ, Craigmyle BD, Legleiter TR, Wait JD, Bradley KW.
Influence of Application Timings and Glyphosate Tank-mix Partners on the
Control of Glyphosate-resistant Giant Ragweed (Ambrosia trifida). North Central
Weed Sci. Soc. Abstr. 86. [CD-ROM Computer File]. North Central Weed Sci.
Soc., Champaign, IL. (Dec 2011)
Spaunhorst DJ, Riley EB, Bradley KW. Influence of Application Height and
Dicamba Rate on Glyphosate-resistant Waterhemp and Giant Ragweed
Control. North Central Weed Sci. Soc. Abstr. 22. [CD-ROM Computer File].
North Central Weed Sci. Soc., Champaign, IL. (Dec 2011)
Online Extension Publications
February 29, 2012. Integrated Pest Crop Management (IPCM) Newsletter. Weed of
the Month: Poison Hemlock. 22(2)
September 1, 2011. Integrated Pest Crop Management (IPCM) Newsletter. Weed of
the Month: Fall Panicum. 21(17)
Extension and Outreach Presentations
June 28, 2016. Palmer amaranth Field Day. “Palmer amaranth Control in Liberty
Link Soybean Systems” 50 people.
March 12, 2016. Purdue Pesticide Applicators Re-Certification Program. “Weed
Management Update 2016” 10 people.

233

March 12, 2016. 10th Annual Conservation Tillage Breakfast & Workshop. “Weed
Management Update 2016” 80 people.
July 30, 2015. Purdue University Soybean Showcase. “Cover Crops and Herbicide
Programs for Management of Palmer Amaranth (Amaranthus palmeri) in
Soybean Systems Resistant to Glyphosate and Glufosinate.
July 29, 2014. Bayer Crop Science Respect the Rotation Field Day. “Cover Crops,
Tillage, and Palmer amaranth Biology.” Purdue Palmer amaranth field site,
Evansville, IN. 200 people.
June 27, 2014. Purdue Diagnostic Training Center. “Cover Crops and Palmer
Amaranth Biology.” Purdue Palmer amaranth field site, Twelve Mile, IN. 100
people.
July 11, 2013. Bayer Crop Science Field Day. “Identification of Palmer amaranth.”
Purdue/Bayer field site, Twelve Mile, IN. 200 people.
July 12, 2012. University of Missouri Pest Management Field Day. “Sequential
Dicamba Applications & Influence of Weed Height and Dicamba Rate on
Glyphosate-Resistant Giant Ragweed and Waterhemp.” Bradford Research and
Extension Center, Columbia, MO.
March 30, 2012. Monsanto Tour. “Evaluation of Dicamba as a Tool for Use in Future
Production Systems.” Monsanto Headquarters, St. Louis, MO.
January 16, 2012. Missouri Farmers Association (MFA) Regional Winter Meeting.
“Evaluation of Dicamba as a tool for Use in Future Production Systems.”
Holiday Inn Executive Center, Columbia, MO.
July 14, 2011. University of Missouri Pest Management Field Day. “Giant Ragweed”.
Bradford Research and Extension Center, Columbia, MO.
Grants & Gifts
WSSA. Lodging and complementary registration for the 2016 meeting $1,200.00
Botany and Plant Pathology Departmental Travel Grant. 2015, $500.00
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UMC-DPS. Graduate Student Travel Fund. 2011, $750.00
Missouri Seedsmen’s Association Award (MSA) 2010, $1,000.00
Missouri Community College Scholar Award 2009, $2,000.00
Donald Flinner Scholarship Award 2009, $1,000.00
Washington Town and Country Fair Livestock Scholarship 2007, $500.00
A+ Scholarship 2007-2009
Affiliations
North Central Weed Science Society Graduate Student Chair
(12/15 – 12/16)
North Central Weed Science Society Graduate Student Vice-Chair(12/14 – 12/15)
Purdue Weed Science Graduate Team Coach
(06/13 – Present)
Washington Town and Country Fair Assistant
(08/12 – 08/13)
Weed Science Society of America Member
(02/12 – Present)
North Central Weed Science Society Member
(09/11 – Present)
GSA Member
(08/11 – 05/13)
Agronomy Club Member
(08/09 – 05/11)
Tau Sigma National Honor Society Member
(08/09 – 05/11)
Awards & Honors
February 10, 2016. Graduate student leadership conference WSSA/SWSS. San
Juan, Puerto Rico.
February 10, 2016. WSSA Ph.D. Poster Contest: 3rd Place.
October 22, 2015. What do you do? Communicating your research workshop.
Purdue University, West Lafayette, IN.
July 21, 2015. Weed Olympics Contest. Ohio State University, Columbus, OH.
National Level Team Event: 1st Place, NCWSS Region Team Event: 1st Place,
Team Boom Calibration: 1st Place.
July 24, 2014. North Central Weed Science Society Annual Student Weed Contest.
DuPont-Pioneer Research Center, Johnston, IA. NCWSS Team Event: 1st
Place, Team Boom Calibration: 1st Place.
August 9, 2012. North Central Weed Science Society Annual Student Weed Contest.
Dalton Research Center, Larned, KS. NCWSS Team Event: 1st Place.
Who’s Who Jr. College Honor 2009.
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Teaching Experience
Teaching Assistant, Introductory Weed Science, Purdue University Fall 2015
Effectively communicated lecture objectives through use of lectures, personal
discussion, and in-class demonstrations.

